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SUMMARY
Active galactic nuclei (AGNs) are the most energetic non-explosive objects in the uni-
verse whose comoving space density peaks near redshift z ∼ 2 (Wolf et al., 2003). They
radiate energy across the electromagnetic spectrum from radio to gamma rays. The number
density of AGNs and their luminosity function with redshift play a key role in the evolution
of massive black holes. They can also provide a feedback mechanism that can regulate
galaxy growth, thus playing an important role in galaxy formation and their evolutionary
models. However, the study of AGNs can be extremely complicated. There are numerous
AGN classes dependent on physical characteristics such as luminosity, amount of obscu-
ration, and observed emission lines. Many AGNs are observed to be obscured by dust
and gas (Alexander & Hickox, 2012; LaMassa et al., 2017). The geometrical and physi-
cal conditions of these regions are not well understood. Moreover, obscured AGNs play
an important role in explaining the cosmic X-ray background (Gilli et al., 2007; Akylas
et al., 2012). Dusty nuclear starburst disks (NSDs) could potentially obscure the AGN in
Seyfert galaxies (Ballantyne, 2008). I worked on testing this hypothesis by modeling the
two-dimensional structure of NSDs. Since these disks are dusty, the atmosphere of a disk
can be expanded when the dust sublimates near mid-plane. The expanded dusty atmo-
sphere (near the surface) can then be supported by stellar radiation pressure (Thompson
et al., 2005). NSDs could be a key to understanding the relation among the observed AGN





Active galactic nuclei (AGNs) are nuclear regions in many galaxies whose luminosity is
more than billion times higher luminosity than the solar luminosity. The responsible mech-
anism is thought to be accretion onto a central body (Balbus, 2003). As gas accretes towards
a black hole, its potential energy is converted into radiation across the electromagnetic spec-
trum from radio to gamma rays. These galaxies show the presence of a supermassive black
hole at its nucleus (Kormendy & Richstone, 1995) which are capable of extracting energy
from its surroundings with extreme efficiency ηrad ∼ 0.1 (Marconi et al., 2004; Merloni,
2004) which is higher by an order of magnitude in comparison to the efficiency of energy
extraction in nuclear fusion, ∼ 0.007. Many AGNs are observed to show the following
features (Netzer, 2015): (1) accretion disk at sub-parsec scale, (2) non-Gaussian and asym-
metric emission lines (Stirpe, 1991; Corbin, 1995) from a broad line region (BLR) of high
density gas (dust-free) clouds at 0.01-1 pc moving with 103-104 km s-1, (3) a dusty torus
at 0.1-10 parsec scale, (4) narrow line region (NLR) of low density-ionized gas moving
with hundreds of km s-1 which resides from hundreds to thousands of parsec, and (5) maser
disks and/or radio jet. Some of these features are shown in Fig. 1.1. A traditional uni-
fication scheme suggests that AGNs with different features are the same type of objects
and the observed variance is due to the different orientations of AGNs with respect to an
observer (Antonucci, 1993; Urry & Padovani, 1995). AGNs are mainly divided into two
classes: ones showing broad emission lines (BELs) are classified as type-I and others show-
ing no presence of BELs, possibly due to obscuration (i.e. dusty obscuring pc-scale torus;
Antonucci, 1993), are classified as type-II. Besides BELs, type-I AGNs also show highly
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ionized narrow emission lines (NELs) unless they have high luminosity (Netzer, 2015). On
the other hand, type-II AGNs show NELs in their spectra; however, in recent years, mid-
IR (MIR) BELs are observed in polarized light from optically selected Seyfert 2 galaxies
(Lumsden & Alexander, 2001; Tran, 2001). These AGNs are sub-classified as “hidden
type-I” and others are called “true type-II” AGNs (Netzer, 2015). A majority of AGNs
discovered by Chnadra and XMM-Newton (in thousands) show a presence of obscuration
by dust and gas (Brandt & Hasinger, 2005; Gilli et al., 2007; Alexander & Hickox, 2012).
The mechanisms and physical conditions responsible behind this obscuration are still not
well understood.
Figure 1.1: Graphical representation of the central region of AGNs illustrates some key
features: a geometrically thin-optically thick accretion disk, broad-line region, narrow-line
region, dusty obscuring medium, radio jet as well as Type-1 and Type 2 classes of AGNs
(Heckman & Best, 2014).
Recent studies of obscured AGNs require the modification of a simple unification
scheme which is based on orientation with respect to an observer. X-ray observations
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show that the fraction of obscured AGNs depends on luminosity: higher fraction of ob-
scured AGNs at lower luminosity (Lawrence & Elvis, 2010). Moreover, the obscured AGN
fraction also shows evolution with redshift (Ballantyne et al., 2006b; Hasinger, 2008). This
evidence points toward a nuclear obscuration due to the AGN feedback (Hopkins et al.,
2006; Menci et al., 2008). Moreover, young stellar populations are found in the inner re-
gions of close by AGNs (e.g. González Delgado et al., 2001; Gu et al., 2001; Cid Fernandes
et al., 2004; Storchi-Bergmann et al., 2005) including Seyfert galaxies (Davies et al., 2007).
Davies et al. (2007) highlights a possible causality between star-formation and AGN activ-
ity (time delay of ≈ 50-200 Myrs with the AGN activity peaking at later) by studying nine
nearby Seyfert galaxies. Such causality suggests a possible fueling of gas toward a cen-
tral black hole by stellar winds and supernovae (e.g Vollmer et al., 2008; Hopkins, 2012),
perhaps indicating a strong coupling among star-formation, stellar winds/supernovae, and
the AGN activity. From observations, the star-formation rate (SFR) is observed to be rising
with redshift from 0 to 1, peaking between 2 and 3, then afterward decreasing (Shankar
et al., 2009) which is a similar evolution to the AGN activity (Ueda, 2015). The cosmic
evolution of the cosmic SFR density and the number density of Compton-thin AGNs are
illustrated in Fig. 1.2.
3
Figure 1.2: Figures illustrate that the cosmic evolution of the star-formation rate density
and number density of Compton-thin AGNs has similar trend. Top: The figure shows the
cosmic SFR density as a function of redshift based on the FUV (Far-Ultraviolet) and IR
(infrared) measurements in rest-frame (Madau & Dickinson, 2014). Bottom: The figure
shows the evolution of comoving density of Compton-thin AGNs for different luminosity
bins (Ueda, 2015).
Additionally, the star-formation rate (from far-IR) shows the correlation with the hard
X-ray AGN luminosity for redshift z<0.8 for the AGN bolometric luminosity greater than
4
1043.5 erg s-1; however, such a correlation is not observed at higher redshift (Rosario et al.,
2013). Therefore, the star-forming regions in nucleus may be responsible for the observed
obscuration in Seyfert galaxies at intermediate redshift z∼1.
1.2 Dusty Star-forming Regions
The link between a host galaxy and its AGN has been confirmed via the observational cor-
relation between the mass of the central supermassive black hole and velocity dispersion
of the bulge (Ferrarese & Merritt, 2000; Gebhardt et al., 2000). As gas flows in the geo-
metrically thin-optically thick accretion disk towards a black hole (at sub-parsec scale), the
potential energy of the viscous gas flow is converted into intense radiation (the AGN spec-
trum). Infrared observation reveals the location of dusty obscuration of the AGN spectrum
at parsec/sub-parsec scale (Burtscher et al., 2013, and references therein). Regions around
AGNs are highly self-gravitating (Goodman, 2003; Levin, 2003; Tan & Blackman, 2005)
and are radiation pressure on dust dominated (Sirko & Goodman, 2003). This kind of phys-
ical system is illustrated in Fig. 1.1. Due to the gravitational instabilities, the fragmentation
of these regions would turn into the formation of stars. However, the fragmentation can be
avoided if angular momentum is transported efficiently via global torque (i.e. bars, spiral
waves and magnetic stresses) instead of viscosity (Mihos & Hernquist, 1996; Goodman,
2003). Only a small fraction of dusty gas is converted into stars due to an efficient ac-
cretion and gas is able to accrete radially resulting into a star-forming disk. However, the
star-formation seizes when the region at sub-parsec scale becomes highly stable and the
viscosity becomes a dominate transport. This location can be considered as a transition
radius between the star-forming disk and accretion disk (AD).
By implementing such a phenomenon in a simple one-dimensional (1D) semi-analytical
model, Thompson et al. (2005) shows that regions near the sublimation of dust temperature
can inflate the atmosphere vertically. The expanded atmosphere is supported by the star-
burst formation at mid-plane and, in turn, this inflationary region can obscure the incoming
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external irradiation of an AGN. Such a mechanism can build a bridge among star-forming
regions, AGN activity, and observed obscuration. Using the model of Thompson et al.
(2005), Ballantyne (2008) showed that there are various conditions (i.e. dependent on
Mach number, black hole mass and gas fraction) of nuclear starburst disks (NSDs) which
can be responsible for obscuration at parsec scale in Seyfert galaxies. Moreover, observa-
tional signatures can be predicted in radio and far-infrared (IR) which may be detected in
the future surveys.
Molecular outflows are observed in many star-forming galaxies with the outflow speed
of ' 48 − 128 km s-1 in NGC 1808 (Salak et al., 2016), ' 23 − 42 km s-1 in NGC 253
(Bolatto et al., 2013), ∼ 90 km s-1 in NGC 3628 (Tsai et al., 2012), and ∼ 100 km s-1 in
M82 (Walter et al., 2002). From dynamical modeling perspective, to numerically simulate
a dusty radiation pressure dominated atmosphere is not an easy task due to difficulties in
solving the radiative transfer equation (RTE). Whether the dusty gas accelerated due to the
radiation pressure achieves a steady-state conditions depends on the method used in solving
the RTE: implicit Monte Carlo (Tsang & Milosavljević, 2015), M1 closure (Rosdahl &
Teyssier, 2015), variable Eddington tensor (Davis et al., 2014), and flux limited diffusion
(Krumholz & Thompson, 2012). For instance, the numerical simulation done by Krumholz
& Thompson (2012) shows that the momentum exchange between radiation and dusty
atmosphere can be limited due to the presence of Rayleigh-Taylor instabilities, while Davis
et al. (2014) shows, under conditions with high luminosity and optically thick medium, gas
is able to achieve enough acceleration where it never reaches to a steady-state condition.
However, for a lower luminous radiation pressure, their simulations do show an existence of
equilibrium. Stimulating observed outflows coherently is one of the open problems due to
the challenges in solving the RTE. Therefore, we focus on the hydrostatic conditions which
will be reasonable enough to explain obscuration if even partial regions of star-forming
disks (i.e. near mid-plane) are in steady-state.
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1.3 1D Model of Nuclear Starburst Disks
The one dimensional (1D) model of nuclear starburst disks (NSDs), including radiation
physics, has been computed by Thompson et al. (2005). These models require four input
parameters (a disk sizeRout, black hole massM bh, gas fraction at the outer radius f g,out, and
Mach number m = vr/cs, where vr is the radial velocity and cs is the total speed of sound)
and compute the radial structure of these disks. A 1D model possesses a central black hole
with a NSD rotating with the Keplerian frequency Ω and energy sources (star-formation









where the dispersion σ is computed using the M-σ relation (Ferrarese & Merritt, 2000;
Gebhardt et al., 2000; Tremaine et al., 2002)





The stability of the disk is always governed by the Toomre parameter Q (parametrizing the
stability of a disk against gravitational collapse)1. A gas fraction f g,out is injected at an outer
radius Rout of the disk which is driven towards a black hole at the constant Mach number
m = vr/cs through presumed global torque (which can be due to a spiral instability or a
bar; Goodman (2003)). As gas accretes toward the black hole, the star-formation adjusts
to maintain the Toomre criteria Q and to provide the vertical support against gravity. The
Toomre parameter Q is maintained to be 1 because there is an observational evidence in the
Milky Way (Binney & Tremaine, 1987), local spiral galaxies (Martin & Kennicutt, 2001),
and starbursts (Downes & Solomon, 1998) for Q'1.
1The Toomre parameter parameterizes the stability of a differentially rotating Keplerian disk. The disk is
stable if Q ≥ 1 and this criteria can be obtained with a perturbation analysis of the Poisson potential in the
rotating frame.
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Figure 1.3: Graphical representation of a nuclear starburst disk. The figure illustrates the
symmetry of a disk around z = 0 plane and z−axis as well as obscuration of the AGN light
due to the expansion of an atmosphere which is supported by the starburst phenomenon at
mid-plane.
The schematic of a nuclear starburst disk is illustrated in Fig. 1.3. As gas accretes to-
ward the central black hole, star-formation occurs and the amount of available gas decreases
with radius. When the temperature at mid-plane exceeds the dust sublimation temperature,
the disk becomes geometrically thick due to the loss of dust opacity and the vertically ex-
panded atmosphere is supported by the radiation pressure from a starburst formation. This
geometrically thick region can obscure the incoming AGN radiation. At some inner radius
Rin, the energy production from viscosity takes over the star-formation energy and the Rin
is considered as the transition radius between an NSD and accretion disk (AD). The upper
limit on accretion luminosity is computed using the accretion rate Ṁin at the inner radius.
In the model of Thompson et al. (2005), the vertical structures are not computed except the
scale-height of a photosphere hph is approximated by scaling mid-plane scale-height hmid






The surface opacity is computed by approximating the surface temperature as the effec-
tive temperature. We relax these assumptions and compute the explicit structure of NSDs
solving the coupled equations of hydrostatic balance, radiative transfer, and energy balance
coherently to obtain the vertical properties of disks (i.e., density, temperature, total speed
of sound, pressure, etc.). To understand all the minor details and physical significances of
a model, one should start with the most basic model and iterate with additional compli-
cations. Moreover, for time-independent conditions, it is not possible to solve radial and
vertical structures simultaneously. Therefore, a one-dimensional model is computed for the
radial structure which is then used to construct the 2D structure of NSDs. In order words,
radial and vertical structures are not coupled. We first successfully computed the radial
structure of NSDs by following the work of Thompson et al. (2005). For example, the Fig.
5 of Thompson et al. (2005) is produced and shown in Fig. 1.4. The dashed and solid lines
represent accretion rate and star-formation rate (SFR), respectively. The figure illustrates
that, depending on the physical conditions, some NSDs show starburst phenomenon at
parsec/sub-parsec scale. Various models dependent on input parameters for “Seyfert-like”
conditions are computed and its results are discussed in Ballantyne (2008). Therefore,
to look at the detailed analysis for the results of radial structures, a reader is referred to
Thompson et al. (2005) and Ballantyne (2008).
We present results of one nuclear starburst disk: f g,out = 80% with the Mach number
m = 0.3 supplied at the outer radius of 120 pc and the central black hole with the mass of
107 M. Useful physical quantities are plotted in Fig. 1.5. The figure illustrates that as gas
is driven toward the black hole, density increases due to an increased in the vertical gravi-
tational component. In return, there is decreased in scale-height h (middle-left panel), and
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Figure 1.4: The figure shows the accretion rate (dashed lines) and star-formation rate (solid
lines) as a function of radius for various models varying Ṁout ∈ [80, 160, 220, 320, 640]M
yr−1 with Rout=200 pc, Mach number m=0.2, and velocity dispersion σ=300 km s-1.
increased in the column density Σmp and optical depth τ (top-right panel). As the optical
depth increases with radius, temperature T rises (result of the radiation transfer equation)
which is shown in the top-left panel. When grains sublimate at the critical temperature
(1400K and 1750K for silicate and graphite grains, respectively; Kishimoto et al. (2013)),
a large opacity gradient occurs due to the loss of dust opacity which results in expanding
an atmosphere (middle-left panel). For this model, the sublimation occurs at the critical ra-
dius of Rcric ∼ 0.4 pc which results in big starbursts (middle-right panel) to provide enough
radiation pressure to balance against the gravitational component. The expansion of the
atmosphere at Rcric exceeds the radial distance by orders of magnitudes. In other words,
if we assume the disk is symmetric around azimuthal angle, then almost an entire sky is
covered by the inflated atmosphere when viewed from the central black hole.
The spectrum energy distribution (SEDs) of the NSD is displayed in the bottom panel






















































































Figure 1.5: Illustrating a few important quantities for a NSD: 80% gas supply at the outer
radius of 120 pc with 0.3 Mach number and the black hole mass of 107 M. Some im-
portant features: (1) The top-left panel shows the temperature (red curve) and the effective
temperature (black curve). The top-right panel illustrates how the integrated mass column
density (black curve) and optical depth (red curve) varies with radius. (2) The middle-left
panel shows an expansion of the scale-height h near 0.4 pc exceeding the radial distance
by orders of magnitude due to the starburst which is shown in the middle-right panel. In
the middle-right panel, the red and black curves represent the star-formation rate and the
accretion rate, respectively. And, (3) The SED of the disk is illustrated in the bottom panel
showing two peak emissions at ∼4 µm and ∼50 µm.
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The black curve represents the blackbody emission parameterizing the Planck’s function
by the effective temperature T eff. The SED shows two maxima at ∼ 4 µm and ∼ 50 µm
due to two starbursts occurring at∼0.4 pc and∼2 pc, respectively. The reprocessing of UV
emission from the starburst of parsec scale is limited due to the lost of opacity from grains
and the resultant emission emerges into NIR regime (near-infrared). To compute the AGN
luminosity, the accretion rate (Ṁ ) at the inner radius Rin of the NSD 2 is assumed to be the
same as the accretion onto the black hole (providing an upper limit). Then, the bolometric
AGN luminosity Lbol = 1046.3 erg s-1 and the Eddington factor fEdd = 0.17 are computed
as
Lbol = ηradṀc
2 and fEdd = Lbol/LEdd (1.5)
where ηrad is the radiative efficiency, typically 0.1 (Marconi et al., 2004; Merloni, 2004)
and LEdd is the Eddington luminosity defined as
LEdd := 4πGMBHmpc/σT . (1.6)
Again, these luminosities are the upper limit due to the restriction on Ṁ .
1.4 Modeling of 2D Structure: From Accretion Disks to Nuclear Starburst Disks
Modeling of NSDs has a similar core as accretion disk (AD): (1) Both disks possess energy
source with possibility of vertical distribution. (2) Energy sources in both type of disks
has dependency on column density (e.g., Shakura & Sunyaev, 1973; Kennicutt, 1998).
2Rin is defined at radius when the flux produced from viscosity dominates over the flux from star-
formation rate.
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However, the main difference between NSDs and ADs is that the NSDs can be highly
self-graviting (Toomre parameter Q<<1), while the ADs are highly gravitationally sta-
ble (Q>>1). There has been substantial amount of work done in modeling of ADs (e.g.,
Hubeny, 1990; Hubeny & Hubeny, 1998)). Hubeny (1990) has outlined major iterative
steps to construct the vertical structure and the analytical frame work for an initially guessed
solution as well as a treatment for inclusion of the AGN heating. His later paper, Hubeny &
Hubeny (1998), describes on how to take care of a vertical distribution of an energy source,
viscosity, which has a power-law dependency on the column density. Thus, using these
papers as guidance, the idea is to construct vertical structures of ADs. Upon its success, we
modify the theory with necessary changes needed for the environment of NSDs.
Here, I briefly summarize the foundation of modeling for vertical structure under hy-
drostatic condition of accretion disks. The AD with an energy source of viscosity was
modeled by Hubeny (1990) using an iterative method. The vertical structure is approxi-
mated by assuming locally plane-parallel geometry. In order words, the radial distance is
divided into annuli and vertical solutions of each annulus does not communicate with each
other. Conduction and convection heat transports are excluded in modeling. The energy
transport in the vertical direction is solely by radiation. The radiation flux from viscosity is
parameterized by an effective temperature (T eff) since the energy is transported losslessly
to the surface and then radiated away. The radial distribution of a column density at mid-
plane Σmp and the energy content T eff are computed using α0 prescription of accretion disk
model (Shakura & Sunyaev, 1973). In order to obtain solutions for a vertical structure at
a given annulus, one is required to solve a coupled hydrostatic equation (HSE), radiative
13














EBE : Ptot = Prad + Pgas + Pturb (1.9)










where q(τ) is the Hopf function. For the derivation of the RTE solution, a reader is referred
to Ch. 2.
A vertical structure of a column of gas Σmp, which is R distance away from a central
body with the energy source parameterized by T eff, is governed by the following highly
coupled equations 3:



















κ(ρ, T )dΣ′, (1.14)



























with the following boundary conditions4
Pmp(Σmp) = Pmp and Ps(Σs) = Ps.
Analytical solution requires some prior knowledge of physical conditions of ADs (i.e.,
vertical distribution of a speed of sound and opacity). Due to the highly coupled nature of
these equations and a lack of prior knowledge on distributions of any physical quantity, an
iterative method becomes necessary.
1.4.1 Vertical Structure of NSDs
At fundamental level, both nuclear starburst disks and accretion disks have similar charac-
teristics. The 2D structure of NSDs can be modeled with certain changes in the accretion
disk model. First, an additional energy source, star-formation, is needed to include besides
viscosity. The radial distribution of Σmp and energy sources (i.e., star-formation rate and
viscosity) are computed using the Thompson et al. (2005) model rather than Shakura &
Sunyaev (1973) theory. We also include a self-gravity term in the equation of hydrostatic






4Subscript ‘s’ and ‘mp’ represent quantities at surface and mid-plane, respectively.
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A turbulence pressure Pt from stellar winds/supernovae is also included. The pressure from
supernovae explosion into the cold ISM is given by (Thompson et al., 2005)













where E0 = 1051 ergs is the energy released from a supernova 5. Moreover, the opacity
κ = κ(ρ, T ) is computed using CLOUDY (Ferland et al., 2013).
By constructing the 2D structure of NSDs, we infer a distribution of column density
along the line of sight NH associated with these disks and compare against observational
constraints. We also determine if these disks can obscure and fuel Seyfert galaxies at inter-
mediate redshift z ∼ 1 by modeling the associated cosmic X-ray background. Chapter 2
starts with the basic radiative transfer equation. It goes through all assumptions/approx-
imations and finally derives the temperature solution which is used for the 2D theory of
NSDs. Chapter 3 discusses the iterative algorithm used to solve coupled equations. A total
of 192 NSD models are computed across the input parameter space and the statistical dis-
tribution of a column density along the line of sight NH is predicted. Moreover, the chapter
also discusses the impact of vertical distribution of star-formation on the structure of NSDs.
Thereafter, Chapter 4 describes the methodology used to evolve the NH distribution with
redshift. The chapter predicts the cosmic X-ray background associated with nuclear star-
burst disks as well as the fraction of obscured quasars. In Chapter 5, the interaction between
the AGN spectrum and a dusty column of gas is studied in order to explore the effect of
dust on the equivalent width of Fe Kα. Finally, the thesis is concluded in Chapter 6.
5vt is approximated to be a constant in the vertical direction using the density computed from a radial




The intensity of radiation as it passes through material of a length ds is reduced due to
an outward-scattering (from the line of slight) and absorption processes before it emerges
besides the emissivity η of matter (the inward-scattering processes and thermal photons).
The emerged light depends on the frequency ν of photons, time t, directional unit vector ~n,
and the spacial coordinate ~r. This phenomenon can be formulated as
δIν(~r, t, ~n)
δs
= ην(~r, ~n, t)− χν(~r, t)Iν(~r, t, ~n) (2.1)






The χabsν and χ
sct
ν are absorption and scattering extinction coefficient, respectively. The
Eq. 2.1 is the eight dimensional radiative transfer equation (RTE): t, ν, 3 spatial coordinates
~r, and 3 momentum coordinates ~n1.
2.1 RTE: Assumptions and Method
To reduce the complexities and the dimensionality of the radiative transfer equation (RTE),
we consider the following assumptions 2:
1) Time independent (static).
2) Homogeneous plane-parallel geometry (azimuthal symmetry) where properties of mate-
1This is one of the standard treatments of RTE which may be found in various astrophysical books and
papers (e.g., Hubeny, 1990; Hubeny & Mihalas, 2014).
2 A sub-sequential derivation is done under previously mentioned assumptions.
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rial only depends on the z-direction. In other words, χν is isotropic.
∫
2D








= ην(µ, z)− χνIν(z) (2.4)
where µ is the directional cosine angle defined as cos(θ). One of the basic quantity defined
in radiation transfer problems is the source function Sν(µ, z)
Sν(µ, z) := ην(µ, z)/χν(z). (2.5)
A physical interpretation of Sν is that it represents a total number of photons emitted in a
unit interval of optical depth τν which is defined as
dτν := −χν(z)dz := κν(z)dΣ. (2.6)
κν [cm2 g-1] and Σ [g cm-2] are opacity and column density, respectively, defined as











3) Isotropic absorption and emission⇒ Sν(µ, z) = Sν(z).














ν Jν , (2.10)
the source function becomes
Sν(z) = ην/χν =
























One of the methods to solve RTE is using angular moments MN(ν, ~n), approximated an-










where dΩ = sin θdθdφ. (2.14)









sin θdθ = 4π, (2.15)
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2dΩ := Kν(τν). (2.19)








































(Iν − Jν)dΩ. (2.22)
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Since Jν and Bν are independent of Ω,
∂Hν
∂Σ
=κabsν (Jν −Bν) + κsctν (Jν − Jν) (2.23)
∂Hν
∂Σ
=κabsν (Jν −Bν). (2.24)




































































Last two integrals are zeros. Then, the equation becomes
∂Kν
∂Σ
= κνHν . (2.25)
We further consider the grey approximation (frequency integrated radiation field and opac-
ity). Thus, the following equations
∂Hν
∂Σ



































Using angular moments, we want to acquire the temperature solution of the radiative trans-
fer equation 3. Solving coupled first and second moment equations, respectively
∂H
∂Σ




has a closure problem since there are three unknowns (J,H, and, K) and two equations.









These provides the third equation and a boundary condition needed for differentiation. In
stellar atmosphere problem, the system is in radiative equilibrium such that
∂H
∂Σ
= κJJ − κBB = 0. (2.34)
3This is one of the standard treatments for the RTE (e.g., Hubeny, 1990; Hubeny & Mihalas, 2014).
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However, this is not the case for NSDs due the presence of energy source, the star-formation
rate. The vertical distribution of the energy source can be formulated as









Here, F1 is the flux emerging from the top surface layer and Ψ(Σ) is the normalized distri-







Then, the first MTE is given by
∂H
∂Σ
























































Using the 1st MTE, we get
∂H
∂Σ


































, and fH = H(0)/J(0), (2.41)






































γJ := κJ/3κBfk and γH := H(Σ)/3ΣmpH1. (2.45)
2.3 Vertical Distribution of Energy Sources
The vertical distribution of an energy source which possess a power-law dependency on a
column density (Σ) can be formulated using a similar frame-work done for an accretion
disk model by Hubeny & Hubeny (1998) 4. Their work suggests that the single power-
law distribution can lead to the density inversion in the deep layers and also the “thermal
catastrophe” in the low optical depth. This may be resolved using a broken power-law
distribution (dividing a slab between the surface-layers and deep-layers with δs and δd
power-law exponents, respectively ). Then, a distribution of energy source ψ is formulated
as:
ψ(Σ) = ψs(Σ/Σmp)
δs , Σ < Σd and (2.46)
ψ(Σ) = ψd(Σ/Σmp)
δd , Σ > Σd (2.47)
where Σd is the dividing layer between surface-layers and deep-layers 5. The fraction of
energy sources in the surface-layers fs and in the deep layers fd are given by
4This is the reproduced work which is done in (Hubeny & Hubeny, 1998).





































where ψ1 is the total energy sources responsible for an overall emergent flux from the top
surface F (Σ = 0). Since fs + fd = 1, the total energy sources in the surface and deep
layers are formulated to be
ψs = ψ1
(1− fd)(δs + 1)
(Σd/Σmp)δs+1




Demanding the distribution function to be continuous at the dividing layer Σd, the relation-



















δs , Σ < Σd (2.54)
ψ(Σ) = ψd(Σ/Σmp)
δd , Σ > Σd. (2.55)
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For nuclear starburst disks, there are two energy sources: star-formation and viscosity.
We assume that the matter is optically thick (τ > 1) to the UV photons. Then, the flux from
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eff,* and ψ1,∗ = Σ̇∗ (2.65)













where Ṁ is the accretion rate and Rin=3(2GMBH)/c2. Since the radial and vertical structure
are computed independently, one of the implicit assumption is that accretion occurs at mid-
plane. Therefore, Fvis is taken to be produced at the mid-plane. There has been an empirical







Therefore, the power-law distribution of Σ̇∗ is a good starting point.
2.4 Opacity
Modeling of radiation pressure dominated regions, such as NSDs, requires one to take
into account the interaction between the radiation field and matter. This interaction can be
quantified with a macroscopic quantity, opacity. A computation of opacity is not a trivial
task since each chemical element interacts differently with a different frequency of light.
Moreover, the inclusion of dust in the astrophysical composition increases the complexities
due to the variability (e.g., size, shape, and distribution of grains) of dust opacity. However,
for an optically thick medium (optical depth τ >> 1), the opacity of a medium can be well
treated as the Rosseland mean opacity (κR) (Hubeny & Mihalas, 2014) where the radiation
pressure can be well described by the diffusion approximation (Hubeny & Mihalas, 2014).
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Under the condition of LTE, κR depends on the composition of matter, its temperature T ,
and the number density nH . For NSDs, we choose Orion abundances to compute opacity
under LTE using CLOUDY (Ferland et al., 2013). CLOUDY is a one dimensional photo-
ionization code which includes grain physics (Weingartner & Draine, 2001; van Hoof et al.,
2004; Weingartner et al., 2006) with a realistic size distribution of various grain species
(e.g. Mathis et al., 1977); for instance, the size and shape based absorption and scattering
processes of grains. For NSDs, we explore a wide range of temperature T and density nH :
10K ≤ T ≤ 106.1K (2.68)
10−7cm-3 ≤ nH ≤ 1013cm-3 (2.69)
The curves in Fig. 2.1 show κR as a function of T for nH of 103 cm-3 and 106 cm-3.
In low temperature regime, the κR is increasing with the temperature for a given nH . This
is expected since dust is the dominant source of opacity in this region and the dust cross-
sectional area is proportional to the wavelength λ of incoming electromagnetic wave by
λ−α, where α approaches to 2 in the Rayleigh limit (Pollack et al., 1985). (As temperature
increases, the peak of radiation power shifts toward a lower λ). The κR has a small drop
near 1400K (Kishimoto et al., 2013) due to the sublimation of silicate grains and the second
deep drop occurs near 1750K (Kishimoto et al., 2013) due to the sublimation of graphite
grains. The increase in κR after the deep drop is due to the H- scattering opacity then
subsequently bound-free and free-free opacity. Hydrogen starts ionizing near 5000K, and
further ionized by ∼ 80% and ∼ 100% near 104K and 1.5×104K, respectively. Using
Saha’s equation, one can show an ionization fraction decreases (higher bound-free opacity)
with density. This is responsible for an overall decreased in κR with nH in the intermediate
temperature regime since hydrogen is the abundant element in the composition. After
hydrogen is fully ionized, the opacity is fairly independent of density since Thompson
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Figure 2.1: Rosseland mean opacity (κR) as a function of temperature. Solid and dashed
lines represent for log[nH(cm-3)] = 3 and 6, respectively. In low-temperature region, the
opacity is dominated by grains which drops near 1750K when graphite grains are destroyed.
Due to the decrease in ionization factor with density, an overall opacity decreases as a
function of density for a fixed temperature near log[T (K)] = 3.5. In high temperature
limit, κR is dominated by the Thompson scattering, thus it becomes nearly independent of
density.
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Region I A B C D
log(nH) Independ. [3.0,6.0] [6.0,13.0] [3.0,13.0] [-7.0,3.0]
∆ log(nH) N/A 0.25 0.5 0.5 0.25
log(T ) [1.0,3.0] [3.0,4.1] [3.0,4.1] [4.1,6.1] [3.0,6.1]
Table 2.1: 2D interpolation of nH and T . The resolution among temperature points is taken
to be 0.01 except for ranges of [3.13,3.26] and [3.243,3.2431] which has resolutions of
0.005 and 0.0001, respectively.
scattering becomes dominant. As temperature increases, gas absorbs more energy from
incoming radiation which increases overall opacity of the medium.
Based on the complexities and behaviors of the Rosseland mean opacity as shown in
Fig. 2.1, two dimensional space of density and temperature is divided among five regions
to have an optimal algorithm for interpolation. The logarithmic grids and its resolution for
each region are described in Table 1 and were chosen in a way to optimize a computational
time and an accuracy of an interpolation algorithm. For region I, κR is an independent of
density as seen in Fig. 2.1. Therefore, the κR of log(nH) = 3.0 is taken for whole density
range in interpolation function and only temperature grid points are interpolated.
2.4.1 Analysis
To check an accuracy of the interpolation algorithm, opacities from the algorithm were
predicted for various temperature and density (off the grids) points and discrepancy against
the real data from CLOUDY was computed as
%Error :=
100× (Predicted value-Actual value)
Actual value
. (2.70)
Some of the error analysis is illustrated in the Fig. 2.2.
The percentage error in regions I and C are less than 4%. For regions A and B, the spac-
ing of grid points is not linear because of the deep dropped in the κR due to the sublimation
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(a) (b) (c) ∆logT = 0.005
(d) ∆logT = 0.005 (e) ∆logT = 0.005 (f) ∆logT = 0.0001
(g) ∆logT = 0.005 (h) ∆logT = 0.01 (i) ∆logT = 0.005
Figure 2.2: Representing the analysis on the accuracy of an interpolation algorithm. For
regions I and C, uncertainty in predicted opacity is less than 4%. For regions A and B, error
is less than ∼ 10% except for certain (log(nH), log(T )) sets, yet less than 50%.
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of graphite grains. In region A, the interpolation function gives fairly well prediction. To
minimize the percentage error in region B, various resolutions are chosen for subspaces.
The percentage error is mostly less than 10% except, near ∼ 3.3K and 3.6K, where the er-
ror reaches to 50% and 30%, respectively. Region B shows less than 4% error except it can
reach up to 25% near 3.8K. In summery, since an every vertical slab may have only ∼ 2-5
layers (in compare to total 400+ layers) at maximum with high uncertainty in opacity (yet
less than 50%), it will not have a significant effect on the overall structure for the purpose
of this project.
2.5 Test Case: Accretion Disk
Before making transition to the modeling of NSDs, we first model the structure of accretion
disks and compare results against the work of (Hubeny & Hubeny, 1998). This ensures that
the iterative algorithm and numerical method to solve non-linear boundary value problem
are correctly implemented in the code. For simplicity, the opacity is considered to be
the Thompson opacity (0.4 g cm-2), which should be a good approximation for accretion
disks since their temperature is well above 104K. The first step in the iterative method is to
guess an initial solution. The initial solution is approximated as an “isothermal solution”
where the scale height is determined by the isothermal approximation and, later, all other
physical quantities are updated through iterations 6. Afterward, the “isothermal solution” is
updated by solving the second order hydrostatic equation (HSE). The HSE is the non-linear
second order differential equation with a boundary value problem which is solved using the
finite-difference method on the logarithmic grids. A previous solution is iterated until the
convergence in temperature is achieved. To test the code, we first produce some of the
results published in literature (e.g. Hubeny & Hubeny, 1998). The vertical distribution of
viscosity is computed using a similar prescription mentioned in Hubeny & Hubeny (1998).
As test models, we select 2, 11, and 20 pc from a central black hole with the mass M bh of
6“Isothermal solution” is quoted because only a scale-height is affected by the isothermal approximation.
Afterward, all other physical quantities are updated through iterations.
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2×109 M with the effective temperature of 80,000K, 27,000K, and 18,000K, respectively
from Hubeny & Hubeny (1998). The computed various profiles such as density, height, and
temperature are shown in Fig. 2.3.
The figure illustrates that the results are very similar to the work of Hubeny & Hubeny
(1998) 7. There is a small discrepancy, especially near the surface (τ . 1), which were
expected due to the following variance in our modeling in comparison with the work of
Hubeny & Hubeny (1998): (i) we do not include general relativity correction which can
be important for the very inner part of a disk, (ii) we consider only the electron scattering
opacity 0.4 g cm-3, whereas Hubeny & Hubeny (1998) includes hydrogen and helium.
And, (iii) the RTE is solved under grey approximation, while the RTE solved in Hubeny &
Hubeny (1998) has a dependence on frequency. The results are represented solely for the
testing purpose of the code. For analysis of these results, a reader is referred to Hubeny &
Hubeny (1998).
7A reader is referred to Hubeny & Hubeny (1998) to look at its results. Our Fig. 2.3a, b, c, d and e
correspond to the figure 10b, 2 , 3, 1 and 10a in their’s.
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Figure 2.3: Some of the results dependent on a vertical structure for an accretion disk
model chosen from Hubeny & Hubeny (1998) is represented to test our code. The figures
show how density (top-panels), temperature (middle-panels), and height (bottom-panel)
vary with the integrated mass column density (Σ). The right-panels show the black, red,
green, blue, and yellow curves which represent model with the viscosity parameter α0 equal
to 0.01, 0.03, 0.1, 0.3, and 0.45, respectively. The left-panels show the black, red, and green
curves which represent the vertical slabs at 20, 11, and 2 gravitational radii. The results are
in fair agreement with the work of Hubeny & Hubeny (1998).
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CHAPTER 3
MODELING THE VERTICAL STRUCTURE OF NUCLEAR STARBURST
DISCS: A POSSIBLE SOURCE OF AGN OBSCURATION AT Z ∼ 1
3.1 Introduction
Active galactic nuclei (AGNs) are extremely luminous regions, more than a billion times
the solar luminosity, in galaxies. They emit energy across a large portion of the elec-
tromagnetic spectrum from radio waves to X-rays through accretion onto a supermassive
black hole (Balbus, 2003). The majority of AGNs discovered in the thousands by Chandra
and XMM-Newton show the presence of obscuration by dust and gas (Brandt & Hasinger,
2005; Gilli et al., 2007; Alexander & Hickox, 2012; LaMassa et al., 2017). Infrared (Thatte
et al., 1997; Burtscher et al., 2013) and X-ray based observations (Elvis et al., 2004; Risaliti
et al., 2005) point the location of this obscuration at the parsec scale. The simple unification
scheme of AGNs suggests that all the variance in the obscuration are due to the difference
in viewing angle (θ) of AGNs with respect to an observer, but they are intrinsically the
same objects (Antonucci, 1993; Netzer, 2015). The mechanisms and physical conditions
responsible behind this obscuration is still not well understood, but they seem to be de-
pendent on AGN luminosity (Lawrence & Elvis, 2010) and, perhaps, redshift (Ballantyne
et al., 2006b; Hasinger, 2008).
To explain the obscuration at the parsec scale, many possible mechanisms have been
proposed. The detection of polarized broad lines in Seyfert 2 galaxies (e.g., Antonucci &
Miller, 1985) led to the modeling of a simple uniform toroidal absorber (Krolik & Begel-
man, 1986, 1988; Pier & Krolik, 1992). In addition, many groups have proposed a geomet-
rically thick torus supported by infrared (IR) radiation pressure (Krolik, 2007; Dorodnitsyn
et al., 2011; Dorodnitsyn & Kallman, 2012; Chan & Krolik, 2016; Dorodnitsyn et al.,
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2016). Another possible model is a torus with turbulence pressure due to supernovae or
stellar winds (Wada & Tomisaka, 2005; Watabe & Umemura, 2005). Moreover, many au-
thors have suggested a warped/tilted-disc to explain a range of obscuration (Nayakshin,
2005; Caproni et al., 2006; Lawrence & Elvis, 2010). In recent years, there has been some
work done in modeling a clumpy torus (Hönig & Beckert, 2007; Nenkova et al., 2008;
Hönig & Kishimoto, 2010) partly due to the observed column density variability seen in
X-rays (Risaliti, 2002). Another possible source for the observed obscuration is nuclear
starburst regions (Fabian et al., 1998; Wada & Norman, 2002; Thompson et al., 2005; Bal-
lantyne, 2008; Hopkins et al., 2016). In this paper, we explore the effect of nuclear starburst
discs (NSDs) on the AGN obscuration.
More than 50 years has passed since the discovery of the cosmic X-ray background
(CXB) (Giacconi et al., 1962) and it is still not entirely resolved into discrete sources. The
CXB is the spectral energy distribution (SED) which is characterized by a power law with
the photon index of Γ = 1.4 in the 2-10 keV band and a peak in the 10 − 30 keV band
(Gruber et al., 1999). The SED up to a few keV energies can be explained by integrat-
ing point-like sources (Worsley et al., 2005) and many of these sources are observed to be
AGNs (e.g., Mushotzky et al., 2000; Bauer et al., 2004). Understanding the distribution
of column density along a line of sight NH is an important aspect in modeling the CXB
spectrum (Gilli et al., 2007) since the relative fraction of unobscured (Type 1, NH < 1022
cm-2), Compton-thin Type 2s (CN, 1022 cm-2 ≤ NH < 1024 cm-2), and Compton-thick (CK,
NH ≥ 1024 cm-2) AGNs determine the shape of the spectrum. (Variables which are fre-
quently used in the paper are listed in Table 3.1.) In particular, the observed peak of the
CXB spectrum requires a significant number of CK AGNs at moderate redshifts (Comastri
et al., 1995; Gilli et al., 2001; Churazov et al., 2007; Moretti et al., 2009). Many studies
have shown that 10% to 25% of CK AGNs are required in order to produce the observed
peak of the CXB near 30 keV (Draper & Ballantyne, 2009; Akylas et al., 2012; Ueda et al.,
2014). However, Akylas et al. (2012) shows that the fraction of CK AGNs (fCK) can range
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Table 3.1: Description of symbols which are used frequently in the paper.
Symbol Description
c Speed of light
cs Total speed of sound
fCK Fraction of Compton-thick AGNs
fCN Fraction of Compton-thin AGNs





m Radial Mach number
M bh A black hole mass
mp Mass of proton
NH Column density along a line of sight
Ω Keplerian angular frequency of a disc
P gas Gas pressure
P rad Radiation pressure




R Radial distance at z = 0
Rcric Distance where the largest inflation occurs in a disc
Rout Size of a disc
σsb Stefan-Boltzmann constant
Σ Vertically mass integrated column density
Σmp Vertically mass integrated total column density to mid-plane
σ Velocity dispersion
Σ̇* Star-formation rate density
T Temperature
τ Optical depth





from 5% to 50% due to the degeneracy of the input parameters in the modeling of the CXB
spectrum. If NSDs are the potential source for producing the CXB peak, we can place a
constraint on fCK by modeling the 2D structure of NSDs.
Many reasons point toward NSDs as a potential source of obscuration. Young stellar
populations are found in the inner regions of nearby AGNs (e.g., González Delgado et al.,
2001; Gu et al., 2001; Cid Fernandes et al., 2004; Storchi-Bergmann et al., 2005; Ruschel-
Dutra et al., 2017) including Seyfert galaxies (Davies et al., 2007). Davies et al. (2007)
highlights a possible causality between star formation (SF) and AGN activity from studies
of nine nearby Seyfert galaxies: the AGN activity occurs later in time separated by 50-200
Myrs from the peak of the SF rate. Such a causality suggests a possible fueling of gas
toward a central black hole by stellar winds and supernovae (e.g., Vollmer et al., 2008;
Hopkins, 2012), perhaps indicating a strong coupling of SF, stellar winds/supernovae, and
the AGN activity. With a simple 1D model of NSDs, Thompson et al. (2005) shows a
region near dust sublimation can inflate to h ∼ R which can obscure the incoming AGN
irradiation. Such a mechanism can build a bridge among star-forming regions, AGN activ-
ity, and the obscuration. These reports provide further motivation to study NSDs in detail.
Multi-dimensional modeling of NSD is important in order to resolve the dependency ofNH
on the orientation angle θ of AGNs with respect to an observer.
In order to place a proper constraint on the column density NH and the fractions of
CN Type 2s (fCN) and CK AGNs, the vertical structure of NSDs is required. In the past,
the hydrostatic structure of a disc has been computed for accretion discs using an iterative
method (Hubeny, 1990). Using similar procedures as described by Hubeny (1990) and
Hubeny & Hubeny (1998), we compute 2D structure of NSDs under various physical con-
ditions. Later, we study the dependency of NH on θ and also place a constraint on fCN and
fCK using these models. These are outcomes of the NSD theory which can be used to test
whether these discs can plausibly obscure and fuel Seyfert galaxies at z ∼ 1. (Starburst
discs may be a more prominent source for AGN obscuration when a large gas fraction is
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available in galaxies (Ballantyne, 2008)-conditions that are more favorable at intermediate
redshifts.)
Sect. 3.2 reviews the one-dimensional theory of NSDs. Sect. 3.4 describes the method-
ology of vertical structure. In Sect. 5.3, we provide and discuss the results including caveats
and future work. Then, the paper is concluded in Sect. 3.5. Sect. 2.4 of Chapter 2 provides
details on the opacity calculation used in the modeling.
3.2 A Brief Overview of Radial Structure
The one dimensional (radial structure) model of NSDs in the radiation dominated regime
has been computed by Thompson et al. (2005) for ultra luminous infrared galaxies (ULIRGs).
These models require four input parameters: size of the discRout, the black hole massM bh,
the gas fraction at the outer radius f g,out, and the Mach number m ≡ vr/cs, where vr is
the radial velocity and cs is the total speed of sound. The 1D model has a NSD rotating
with the Keplerian frequency Ω around a central black hole with the mass of M bh. The Ω









where G is the gravitational constant and R is the radial distance. The dispersion σ is
computed using the Mbh−σ relationship (Ferrarese & Merritt, 2000; Gebhardt et al., 2000;
Tremaine et al., 2002),






The stability of a disc against gravitational collapse is always governed by Toomre’s param-
eter Q. (The parameter Q is maintained to be 1 because there is an observational evidence
in infrared ultraluminous galaxies (Downes & Solomon, 1998) and local spiral galaxies
40
(Martin & Kennicutt, 2001; Leroy et al., 2008; Westfall et al., 2014) including the Milky
Way (Binney & Tremaine, 1987; Rafikov, 2001) for Q '1.) A gas fraction is injected at
the outer radius of the disc which is driven towards the black hole at the constant Mach
number through a presumed global torque (which can be due to a spiral instability or a bar;
Goodman (2003)). The amount of available gas decreases with the radius as gas depletes
into the formation of stars in order to maintain the Toomre stability criteria Q = 1. Then,
the accretion rate (Ṁ ) and the SF rate (Ṁ∗) are given by








where Σ̇∗ is the SF rate density. The radiation pressure from this SF provides a vertical
support for the dusty atmosphere against gravity. At some inner radius Rin, the energy
flux production from viscosity takes over the SF energy flux and the Rin is considered as a
transition radius between a NSD and an accretion disc (AD).
In this 1D model, the vertical structure is not computed except the scale-height of a
photosphere hph is approximated by scaling the mid-plane scale-height hmid with the ratio






where κph and κmid are the opacities at the photosphere and mid-plane, respectively. κph
is computed by assuming that the temperature at the surface is the same as the effective
temperature. With this theory, Thompson et al. (2005) showed that a large expansion of
an atmosphere, hph ∼ R, is possible on parsec scales for certain conditions of ULIRGs.
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Using the same theory, Ballantyne (2008) reaches similar conclusions for “Seyfert-like”
conditions.
Here, we relax these assumptions and compute the exact vertical structure of NSDs by
solving the coupled equations of hydrostatic balance, radiative transfer, and energy bal-
ance.
3.3 2D Structure
For time-independent conditions, radial and vertical structures are not possible to solve
simultaneously due to a lack of prior knowledge on the distribution of any physical quanti-
ties. Therefore, the distributions of total energy flux and mass-integrated column density at
the mid-plane (Σmp) are computed using the Thompson et al. (2005) model. These distri-
butions are used to compute the vertical structure at every annulus of radial distance. (This
means the solutions of each annulus do not communicate with each other.) We assume
discs are symmetric around the z-axis and z = 0 plane. The schematic of a NSD is shown
in Fig. 3.1. The disk is divided logarithmically into a set number of annuli radially, then
the each annulus (slab) is divided vertically into grid points on log-scale. NSDs have two
energy sources: viscosity and SF. The energy transport is solely by the radiation in the ver-
tical direction. In other words, the conduction and convection heat transports are excluded
in modeling. The total radiation flux is parameterized by an effective temperature (T eff)
since the energy is transported losslessly to the surface and then radiated away.
3.3.1 Vertical Structure of an Annulus
One can ask what is the vertical structure for a given column of gas with total energy flux at
a radial distance R away from a central black hole of mass M bh. In order to obtain the hy-
drostatic solution for such a column of gas, the coupled one dimensional time independent
radiative transfer equation (RTE), hydrostatic equation (HSE), and energy balance equation
(EBE) must be solved.
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Figure 3.1: Schematic of 2D modeling: we need to model only a quadrant of a NSD due
to the symmetry around z = 0 plane and z−axis. The disk is divided into a set number of
annuli on log-scale and each slab (annulus) is divided further into a set of logarithmic grid
points. Then, the goal is to compute the vertical structure by using the only information we
have: total column density Σmp and energy content T eff.
The RTE governs the distribution of the radiation field within a material which is illus-




= ην(z, µ)− χν(z, µ)Iν(z, µ). (3.6)
Here, ν is the frequency of light, µ is the cosine angle, ην is the emissivity, and χν is the
extinction coefficient. To solve the RTE, we make the following approximations:
1. a homogeneous plane-parallel geometry (azimuthal symmetry) where properties of a
material only depends on the z-direction, i.e. χν is isotropic,
2. isotropic absorption and emission where a source function Sν is independent of µ,
Sν(µ, z) = Sν(z),
3. local thermodynamical equilibrium (LTE),
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4. grey approximation (frequency integrated radiation field and opacity), and
5. the Eddington approximations: fk(τ) ≡ K(τ)J(τ) and fH(τ = 0) ≡
H(τ=0)
J(τ=0)
where J , H ,
and K are the first, second, and third angular moments of a radiation field.









where q(τ) is the Hopf function1 and T eff is the total effective temperature. The optical





where κ is the opacity and Σ1 is the mass-integrated column density of the surface layer.
For numerical convenience, Σ (which increases monotonically from the surface layer of
a slab to its mid-plane) is chosen as the independent variable for all the equations. Then,








where ρ is the density. Since a NSD has two energy sources, an overall temperature can be
computed by adding the fluxes of all the sources, Ftot = F∗ + Fvis, which results in




1The form of q(τ) can be obtained from Eq. 3.8 in the paper by Hubeny (1990).
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Here, T∗ and Tvis are temperatures corresponding to the flux produced by viscosity and SF,
respectively. Under LTE, κ depends on ρ, T ,
κ = κ(ρ, T ) (3.11)
and the composition of the slab.









is used with the following boundary conditions2:
Pmp(Σmp) = Pmp and P1(Σ1) = P1.
Here, P is the total pressure and Ω is the Keplerian frequency. P1 is computed assuming
a constant temperature for Σ < Σ1 (Hubeny, 1990, section IV(b)). cs is the total speed






The HSE also includes an approximated self-gravity term (Paczynski, 1978) and it is solved
in the logarithmic space in order to resolve the structure accurately near the surface. The
solution of this boundary value problem can be achieved using the finite-difference method.
Finally, the EBE, Eq. 3.14, balances the total pressure with the gas pressure P gas, radi-
2Subscript ‘1’ and ‘mp’ represent quantities at the surface and mid-plane, respectively.
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ation pressure P rad, and the turbulence pressure P turb:
P (Σ) = P gas(Σ) + P rad(Σ) + P turb(Σ). (3.14)










while P turb is approximated (Thompson et al., 2005) as












where E0 = 1051 ergs is the energy released from a supernova. The turbulence speed vturb
is approximated to be a constant in the vertical direction using the density computed from
the radial structure if Σ̇* is only allowed to occur at the mid-plane. kB, mp, σsb, and c are
the Boltzmann constant, mass of the proton, Stefan-Boltzmann constant, and the speed of
light, respectively. We also require a column of gas to satisfy the Toomre stability criteria





Since the only known information about these coupled equations are the boundary condi-
tions, an iterative method is used to solve them.
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3.3.2 Iterative Method
To solve the coupled equations described in the previous section, an iterative algorithm is
developed which is non-trivial due to the difficulties in achieving convergence. However,
the major iterative steps for constructing the 2D structure of a NSD are as follow:
1. Using the Thompson et al. (2005) model, compute the radial distribution of mass-
integrated column density at the mid-plane Σmp(R) and the effective temperature
T eff(R).
2. Divide the radial distance (from Rin to Rout) into 50 annuli which are spaced loga-
rithmically.
3. For a given annulus, we set 300 vertical logarithmic grid points in terms of Σ from
the surface layer Σ1 = 10-3 g cm−2 to the mid-plane layer Σmp.
4. Compute the initial solution (isothermal profiles) for the energy source embedded
only at the mid-plane using a similar procedure to the one described in section IV(a)
of Hubeny (1990).
4.1. Assume κ(Σ1) = 1.0 cm2 g−1 and ρmp from the radial density profile. Using the an-
alytical isothermal solution, compute z1, τ1, and T1 in subsequent order. Compute κ1
for a given ρ1 and T1 using the procedure described in Appen. A; thereafter, compute
the remaining physical quantities (i.e., pressures and speed of sound).
4.2. Repeat step 4.1 for the rest of the layers to complete the initial vertical profiles. If
there is any numerical issue in computing the initial solution, it can be fixed by chang-
ing ρmp or Σ1. For example, the Σ1 may be adjusted for a low density environment.
5. Update the pressure by solving Eq. 3.12, where Pmp, P1, and cs are used from a
previous iteration.
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6. Using the updated pressure (or the speed of sound), re-compute ρ(Σ), κ(Σ), τ(Σ),
and T (Σ) in subsequent order.
7. Since, the RTE and HSE are not solved simultaneously, the pressure computed from
the HSE does not necessarily match with the EBE which induces a discrepancy in
pressure, δP E. If Eq. 3.13 is not consistent with the HSE, it causes another dis-
crepancy in pressure, δP c. To reduce δP E and δP c, iterate the previous solution by
updating cs using the induced δP E as follows,






Once δP E and δP c reach their minimum values, move to the next step.
8. If δP E and δP c are within the set discrepancy of 0.05, skip this step. Otherwise, go
back to the step 5.
9. So far the achieved solution does not necessary satisfy the Toomre criteria (Q = 1).
To maintain this condition at the mid-plane, repeat steps 4-8, but change Pmp while
solving the HSE. Pmp corresponding to Q =1 can be found using the Newton-
Raphson method3. Finally, the self-consistent profiles are computed for a given an-
nulus.
10. Repeat steps 1 to 9 for all the radii of a disc to construct the 2D profiles where θ is
the viewing angle measured from the z = 0 plane.
The major steps of the iterative scheme is also illustrated in Fig. 3.2. Using this de-
veloped numerical scheme, we explore NSDs under various conditions (input parameter
space) that are shown in Table 3.2. The Mach number m is chosen on the order of a tenth
because the gas is not accreted to a parsec scale for a very low m since all the gas is con-
verted into stars in the outer region of the disc and the high Mach number (close to unity or
3Pmp = 0.9P rad from the initial solution is a good initial guess for the Newton-Raphson method where
P rad is the radiation pressure at the mid-plane.
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Table 3.2: We list all the bins in the domain of each input parameter (M bh, Rout, f g,out, m).
After taking all the possible combination of these bins, a total of 192 models are computed.
The Mach number m is chosen such that gas can accrete to the parsec scale and the other
parameters represent a possible range of physical conditions for NSDs.
log(M bh/M) Rout(pc) f g,out m
6.5 240 0.2 0.1
7.0 180 0.4 0.3
7.5 120 0.6 0.5
8.0 60 0.8 –
Figure 3.2: Diagram representing the main iterative steps: the idea is to start with some ini-
tial approximated,“isothermal”, solution, then updated pressure by solving the HSE. With
the updated pressure, the rest of the physical quantities are updated. Since the RTE and
HSE are not coupled, there will be a discrepancy in pressure. After achieving the conver-
gence in pressure, the final step is to satisfied the stability criteria.
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Figure 3.3: A few important quantities as a function of R for Model A, (M bh, Rout,f g,out,
m)=(107.5 M,180.0 pc, 0.8, 0.5). Left: The figure shows that the gas is depleted into
stars as it accretes toward the black hole in order to achieve the Toomre stability criteria,
Q = 1.0. When the dusty gas reaches 1750K, graphite grains are destroyed causing a
large starburst. This occurs at the critical radius 0.884 pc in order to support the vertical
atmosphere by radiation pressure. Right: Here, the scale-height h/R computed from the
1D approximation (Eq. 3.5) and the explicit 2D calculation are shown. The dashed-red
curve represents the model with SF occurring at the mid-plane and the dashed-dotted-green
curve is the model with the vertical distribution of SF (Sect. 3.4.5). In comparison to an
approximated scale-height, the explicit calculation predicts a lower expansion, except at
the outer part of the disc. However, near the critical radius, a larger opacity gradient due to
the dust sublimation inflates the atmosphere where h > R is achieved.
higher) requires an inclusion of additional physics (i.e., shock waves). The size of the disc,
the gas fraction at the outer radius, and the mass of the black hole are chosen such that they
cover a reasonable physical range of NSDs. Taking all the possible combination of these
four input parameters, we compute in total 192 models.
3.4 Results & Discussion
Out of 192 models, 99 discs show a large expansion of an atmosphere (comparable to R or
even higher) on parsec/sub-parsec scale. Here, we present the explicit profiles for one of
these discs (hereafter Model A) as an example and its vertical profiles at the critical radius
Rcric (where the largest expansion occurs). Later, we compute a distribution of NH based
on a random selection from sets of θ and 192 models.
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3.4.1 Model A
Model A is the nuclear starburst disc whose f g,out, Rout, m, and M bh are set to 80%, 180
pc, 0.5, and 107.5M, respectively. As gas accretes toward the black hole, the gas is
depleted into star-formation in order to maintain the stability criteria (Fig. 3.3 (left)). In
addition, each column of gas becomes denser as gas gets closer to the black hole due
to an increase in the vertical gravitational component. This increase in Σ enhances the
optical depth. As the gas becomes more optically thick, its temperature rises since T is
directly related to τ (which is the consequence of the RTE solution). When the gas crosses
the dust sublimation temperature which are 1400K and 1750K for silicate and graphite
grains, respectively (Kishimoto et al., 2013), starbursts occur near ∼4.0 pc and ∼0.884 pc
as shown in Fig. 3.3 (left). The loss of the dust opacity induces a large opacity gradient.
This opacity gradient causes a large expansion of the atmosphere which is illustrated in the
right panel of Fig. 3.3. This atmosphere is supported by radiation pressure from starbursts
(Fig. 3.3 (left)). The right panel of Fig. 3.3 compares the approximated surface scale-
height (Eq. 3.5) from the Thompson et al. (2005) model to the explicit calculation. The
dashed-red curve assumes that SF occurs at the mid-plane, while the dashed-dotted-green
curve represents the model with a vertical distribution of SF (which is discussed further
in detail in Sect. 3.4.5). The exact calculation predicts a lower scale-height (≈ 4 orders of
magnitude lower atRcric = 0.884 pc) than the simple approximation except at the outer part
of the disc. This discrepancy is due to the inaccuracy in assumptions made under Eq. 3.5:
(1) the surface temperature is the same as T eff, (2) a constant κmid from z = 0 to hmid, and
(3) κ increases linearly with z. The expansion of the atmosphere at Rcric is larger than the
radial distance by a factor of 21.5 and covers 97% of the sky (observed from the central
black hole).
Fig. 3.4 shows several important vertical profiles of a slab at Rcric = 0.884 pc for model
A. As Σ increases from the surface layer (Σ =10-2 g cm−2 ) to the mid-plane (Σmp), density
and temperature also increase to achieve hydrostatic balance except when dust sublimates
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Figure 3.4: A few important vertical profiles as a function of Σ at Rcric = 0.884 pc for
Model A, (M bh,Rout,f g,out,m)=(107.5 M,180.0 pc, 0.8, 0.5). ρ (solid-blue) and T (dashed-
green) increase with Σ to achieve the hydrostatic balance as shown in panel (a). Panel (b)
shows that when grains sublimate near Σ ≈ 1.0 g cm−2 , the dust opacity is lost (solid-
blue) causing a drop in ρ (solid-blue line in panel (a)). This increases cs as shown in the
panel (c) which results in the inflation of the surface scale-height (dashed-green line in
panel (b)). The solid-black, dashed-red, and dashed-dotted-blue curves in the bottom panel
represent P gas, P rad and P turb, respectively. The panel (d) shows that the atmosphere is
radiation pressure dominated. A density inversion is developed at the surface; however, it
has a negligible effect on the overall h since the inverted column of gas contains less than
1% of the total column density Σmp. A very small density inversion near the mid-plane
(panel a) is introduced due the boundary condition of NSDs (input of large energy flux at
the mid-plane) and this, in return, causes the inversion of P gas which is shown in the panel
(d).
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Figure 3.5: The dependence of NH as a function of viewing angle θ for Model A whose
radial and vertical profiles are shown in Fig. 3.3 and Fig. 3.4, respectively. Any central
AGN would appear to be CN or CK based on the orientation of the AGN-NSD system with
respect to an observer. The three peaks in NH are due to the density inversion phenomenon
which are observed in slabs at Rcric and beyond.
near Σ = 1.0 g cm−2 which is shown in Fig. 3.4 (a). The sublimation of grains results in
the immediate drop in the opacity (solid-blue line in Fig. 3.4 (b)). This opacity gradient in-
creases the total speed of sound (Fig. 3.4 (c)) which, in turn, expands the dusty atmosphere
(dashed-green line in Fig. 3.4 (b)). Panel (d) shows that radiation pressure (dashed-red
curve) dominates throughout the slab over the gas pressure (solid-black curve) and the
turbulence pressure (dashed-dotted-blue curve). In such slabs, the density inversion is ex-
pected locally since grains are sublimated; however, its effect on the overall scale-height
h is insignificant since only a small fraction (< 1%) of Σmp is inverted. In addition, the
gas pressure curve in panel (d) shows a slight inversion near the mid-plane. This is due
to another density inversion caused by the boundary condition of our systems (outburst of
energy flux at the mid-plane).
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Once the 2D profiles of a disc is calculated successfully, a subsequent task is to compute




ρ(θ, R) cos−1(θ)dR/mp. (3.21)
For model A, the distribution of NH as a function of θ is shown in Fig. 3.5 and shows that
NH decreases with θ. The peaks in NH are due to the density inversion phenomenon which
occurs in slabs where dust is sublimated (Fig. 3.4a). The relative size of these peaks trace
the offset of the large opacity gradient among these slabs. The figure illustrates that NH
appears to be CK for θ .30◦and also near θ where the peaks occur (≈72◦and 87◦). For
any other θ between ≈ 30◦and θmax = 87.3, a central AGN is obscured by the CN medium.
For θ >87.3◦, the central AGN appears to be Type 1. A NSD therefore is consistent with
the simple AGN unification model where the line-of-sight into the nucleus determines the
observed obscuration properties. Although Model A would imply a Type 2/Type 1 ratio
of ∼7:1, far higher than the observed ratio ∼4:1 (Gilli et al., 2007)), depending on the
physical conditions θmax can be as low as 40◦, giving a Type 2 to Type 1 ratio of 0.7. The
distribution of the obscured to unobscured sky covering factors of all 99 NSD models with






The plot shows that, while large ratios are more common in our parameter space, Type
2/Type 1 ratios in line with the observations are found in 31% of the models. These are
the models whose h/R at the critical radius is less than 2 and their physical conditions are
scattered across the input parameter space. Therefore, the fraction of sky obscured by the
NSD can vary significantly from galaxy to galaxy.
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Figure 3.6: The distribution of the ratio of sky covered by NH > 1022 cm−2 gas to that
covered by NH < 1022 cm−2 gas (i.e., the potential AGN Type 2/Type 1 ratio) for the 99
NSD models that produced a parsec-scale starburst. About 31% of models (which can vary
across the input parameter space) predict covering factors in agreement with the observed
ratio. Depending on individual conditions, the fraction of sky covered by a NSD can vary
greatly from galaxy to galaxy.
Table 3.3: A total 99 models out of 192 show the starburst phenomenon causing the large
atmosphere expansion at the parsec scale. Here, we show a distribution of these models
across the input parameter space. This shows that a smaller disc size, a larger gas fraction
and Mach number are in favor of a burst of star-formation.
log(M bh/M) 6.5 7.0 7.5 8.0 Total (99)
Rout(pc) 60 7 6 9 10 32
120 5 6 6 8 25
180 5 4 6 6 21
240 5 5 5 6 21
f g,out 0.2 0 0 1 3 4
0.4 5 6 7 8 26
0.6 8 8 9 9 34
0.8 9 7 9 10 35
m 0.1 1 1 2 3 7
0.3 9 10 11 13 43
0.5 12 10 13 14 49
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Figure 3.7: The figure shows h/R inflated due to the dust sublimation at critical radii de-
pendent on M bh. For a higher M bh, an expansion occurs earlier due to a relatively stronger
vertical gravitational component. This is also the reason why h/R decreases closer to the
black hole for a fixed M bh.
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3.4.2 All Models: scale-height h
A total of 99 out of 192 models (52%) show the inflation of an atmosphere at a critical
radius which is illustrated in Fig. 3.7. It shows the dependency of h/R on the black hole
mass and the critical radius. The black, red, green and white data points at the parsec
scale show that the critical radius gets closer to a black hole as M bh decreases. This is
expected since the gas has to accrete more inward in order to reach to the dust sublimation
temperature for the lower M bh. Depending on the physical conditions, h/R at the sub-
parsec scale can range on the order of few tenths to tens. These large expanded vertical
structure can obscure the incoming AGN light. Especially, since these atmospheres are
dusty, the UV/optical photons will be reprocessed into IR photons. For a given black
hole mass, the Rcric increases as a function of f g,out since the optical depth reaches the
sublimation temperature quicker due to the availability of gas. The amount of expansion
at these critical radii are mainly governed by the magnitude of starbursts occurring at the
mid-plane. Table 3.3 shows the distribution of 99 models across the input parameter space.
In order to acquire an expanded atmosphere at the parsec scale, a smaller size disc, larger
gas fraction, and higher Mach number are favorable conditions which is in the agreement
with the work of Ballantyne (2008).
3.4.3 NH Distribution
To estimate the distribution of the column density observed along a line of sight (NH) from
a large sample of NSDs, the domain of the viewing angle θ ∈ [0◦,90◦] is divided into 30
bins. Afterward, the distribution of NH is computed by randomly selecting NH 10,000
times from the sets of 192 models and 30 bins of θ. The top panel of Fig. 3.8 shows the
histogram of the NH fraction in a given bin. Based on the random selection, the fraction of
Type 1, CN Type 2s, and CK are 0.56, 0.23, and 0.21, respectively. For obscured AGNs,
the fraction of AGNs peaks near log[NH(cm-2)] ≈ 23.5. The bottom panel of Fig. 3.8
represents the scattering of θ for obscured AGNs when they are observed randomly. The
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Figure 3.8: Top: A histogram of the AGN fraction as a function of NH based on a random
selection. The fraction of Type 1, CN Type 2s, and CK AGNs are 0.56, 0.23, and 0.21, re-
spectively. The distribution of heavily obscured AGNs peaks near log[NH(cm-2)] = 23.5.
Bottom: Scatter plot of CN and CK AGNs illustrating the dependency of NH on the orien-
tation of NSD-AGN systems based on the random selection. Due to the degeneracy in the
input parameter space, the NSD-AGN systems for a given NH spans almost an entire do-
main of θ for CK and heavily obscured CN AGNs. The gas dominated models do not show
the large expansion (θ . 20◦) which are presented by data points near log[NH(cm-2)]=22.5.
solid data points correspond to CN AGNs and the starred ones are for CK AGNs. The data
points with θ . 20◦ nearNH=1022.5 cm-2 are gas dominated NSDs where starbursts did not
occur. All the models appeared to be CK when they are viewed edge-on. This is expected
since dense gas occupies the mid-plane regions of the discs. The figure illustrates that a
given NH of CK or a heavily obscured CN AGN spans almost the entire domain of θ (from
0◦ to ≈80◦) dependent on physical conditions. That means that, under certain conditions,
the AGNs can be obscured by near face-on CK dusty gas.
The 2D NSD theory predicts fCN and fCK to be 23% and 21%, respectively, which
is shown in the top panel of Fig. 3.8. This is in reasonable agreement with the values
mentioned in the literature. For instance, the modeling of CXB suggests that fCK can
range from 5% to 50% (Akylas et al., 2012). Brightman & Ueda (2012) found fCK ≈ 0.25
around redshift 1 by studying the sample of Chandra Deep Field South survey. In the local
universe, fCK is ≈ 20% based on the hard X-ray (Burlon et al., 2011), the optical (Akylas
& Georgantopoulos, 2009), and IR (Brightman & Nandra, 2011a,b) samples. Ueda et al.
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(2014) constraints the ratio of CK to CN AGNs to be≈ 0.5−1.6 in order to produce the 20-
50 keV part of the CXB spectrum which is in the agreement with the prediction of the NSD
theory, 0.9. The outcomes of our work is in good agreement with observations and suggests
that NSDs could be potential sources of AGN obscuration at intermediate redshifts.
3.4.4 Inversion Phenomena
Many of our hydrostatic models of NSDs show a density inversion phenomenon. For ex-
ample, the phenomenon is observed in model A whose vertical profiles at Rcric are shown
in Fig. 3.4. There are two causes for the density inversion: (1) sublimation of grains and
(2) demand of efficient energy flux transport. The latter case has been widely studied by
theorists (Chitre & Shaviv, 1967; Joss et al., 1973; Schwarzschild, 1975; Tuchman et al.,
1978; Harpaz, 1984). This inversion phenomenon can lead to a possible Rayleigh-Taylor
instability (RTI). The development of RTI in radiation pressure dominated dusty environ-
ment has been also observed in hydrodynamical numerical simulations (e.g., Krumholz &
Thompson, 2012; Davis et al., 2014). We expect the density inversion due to the sublima-
tion of grains to have an insignificant effect on NH distributions (thus also fCN and fCK)
since the inverted column density of gas is a small fraction (< 1%) of the total column
density.
The density inversion in gas pressure and turbulence pressure dominated layers causes a
local pressure inversion. The development of a pressure inversion is expected in thermally
unstable regions when temperature is monotonically increasing with τ (e.g., Rozanska &
Czerny, 1996). Such a development of inverted pressure has been already reported in the
modeling of astrophysical atmospheres in the past (Achmad et al., 1997; Asplund, 1998;
Helling & Winters, 2001; Różańska et al., 2002). In order to analyze the effect of the
inverted gas on a NSD, a time-dependent calculation becomes necessary which is beyond
the scope of this paper. However, our comprehensive conclusion that NSDs are plausible
sources for AGN obscuration is still absolute since the loss of dust opacity can cause an
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inflation to a parsec/sub-parsec atmosphere by orders of magnitude which is shown in the
panel (b) of Fig. 3.4.
3.4.5 Vertical Distribution of Σ̇*
Star-formation (SF) does not necessarily have to occur only at the mid-plane. Therefore,
it would be interesting to study how the vertical distribution of SF affects the scale-height
h and NH distribution of NSDs. The Kennicutt-Schmidt law (which is also called the
star-formation law) relates star-formation rate density Σ̇* to the surface gas density Σgas
by Σgas ∝ Σ̇α∗ (Schmidt, 1959; Kennicutt, 1998; Kennicutt & Evans, 2012), where α is
expected to be ≈ 1 for radiation pressure dominated regions (Ballantyne et al., 2013).
Hence, we model the linear vertical distribution of Σ̇* on Σ using the prescription presented
by Hubeny & Hubeny (1998). Implementation of the vertical distribution assumes: (1) a
surface scale-height at τ = 1 and (2) τmp > 1.0 (For optically thin column of gas, SF is
only allowed to occur at the mid-plane.). With this description, we present the result for
model A with the vertical distribution of Σ̇* (hereafter, model Ā).
Fig. 3.3 (dashed-dotted-green line) shows the radial distribution of the surface scale-
height h̄ (for model Ā) and Fig. 3.9 plots the ratio of h̄ to h (for model A) as a function
of R. For R ≤ 5 pc, the atmospheres are entirely dominated by radiation pressure. On
sub-parsec scale (<1.5 pc), grains are sublimated and the opacity gradient induced due
to the dust sublimation mainly governs the surface scale-height. Therefore, h is approxi-
mately h̄ in this region. For 1.5 < R < 5 pc, the region is still radiation dominated, but
the maximum temperature is below the sublimation temperature of dust. Here, model Ā
possesses a lower density region than model A which results in a slightly higher h̄ than
h. For R > 5 pc, the region is mostly turbulence pressure dominated for model A and
gas pressure dominated for model Ā. In these regions, the surface scale-height is primarily
set by the pressure inversion phenomena. Model Ā introduces higher pressure inversion
than model A. Increasing pressure inversion causes increase in density (Helling & Winters,
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Figure 3.9: Illustrating the effect of vertical distribution of Σ̇* on the surface scale-height.
h̄ (model Ā) has a slight variation in comparison to h (model A) which are due to the
following reasons: (1) a distribution of SF (model Ā) decreases density near the mid-plane
for radiation pressure dominated region in compare to model A, (2) P turb is approximated
with a constant vturb when SF is only allowed to occur at the mid-plane, and (3) a difference
in the amount of pressure inversion affects the difference in the scale-heights computed
from both models.
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2001) which results in decreasing h̄ in comparison to h. At the outer radii, (last three slabs),
a column of gas is optically thin; therefore, h̄/h = 1.0. Another source of a difference in h̄
and h is a difference in treatment of turbulence pressure in both models. For model A, P turb
was approximated by assuming a constant vturb, while, for model Ā, P turb was computed
exactly using Eq. 3.17. In summary, the vertical distribution of SF has a small effect on the
surface scale-height. We also checked the NH distributions from models A and Ā and their
difference is negligible. In general, one expect to have a minimum effect of Σ̇*(Σ) ∝ Σ on
the vertical structure. That is because a distribution of energy source only affects the Hopf
function q(τ) which is introduced in the temperature solution of RTE and T (τ) has a weak
dependance on the linear distribution of Σ̇*.
3.4.6 Caveats & Directions for Future Work
One of the important tasks in modeling a physical system is to be aware of possible caveats
which can be introduced due to assumptions, approximations, or an exclusion of relevant
mechanisms. In the presented framework of a NSD, due to the assumptions of diffusion
approximation and grey problem, results from modeling may be inaccurate for an optically
thin limit (τ << 1). However, this does not affect our conclusion that NSDs posses an
inflationary atmosphere on parsec/sub-parsec scale which can potentially obscure the AGN
irradiation since h ∼ R is achieved before τ reaches the optically thin limit. Another
implicit assumption due to statistics based on a random selection is that there is not any
internal/natural biased in the sample of input parameters. However, this assumption may
be imprecise; for instance, the black hole mass distribution function is not evenly weighted
for a given redshift. Another caveat in the modeling is that it misses outflows. In star-
forming regions, outflows are possible to occur due to stellar feedback (Leitherer et al.,
1992), supernovae feedback (Chevalier & Clegg, 1985), and radiation pressure on dusty
atmosphere (Murray et al., 2005). Moreover, outflows are observed in many star-forming
galaxies with the speed of > 1000km s-1 at z ∼ 0.6 (Tremonti et al., 2007; Diamond-Stanic
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et al., 2012). In the sample of local starbursts, outflows with the speed of 1500 km s-1 are
observed by Heckman et al. (2011). In the future, we may study our sampled models using
Bayesian statistics in order to remove an intrinsic biased and compare its conclusion with
statistics based on a random drawings.
Another missing ingredient in the modeling is the effect of AGN (if they are present
in galaxies) on the NSD structure. To study its importance on the presented modeling, we
compute the optical depth along line of sights (τlos) for θ above the dust sublimation layer
at the critical radius and check if τlos is greater than the unity. Only 16 out of 99 models
are optically thin and being transparent to the ultraviolet (UV) radiation. Depending on
the physical conditions of the NSD, the UV energy can be deposited near the surface or in
the deeper region along a line of sight since τlos can be as large as 104. Moreover, we can










Here, LUV is the UV luminosity of the AGN and Ts is the sublimation temperature. Using
the sublimation temperature of graphite grains (1750 K) and a typical bolometric luminos-
ity (which gives the upper limit on rs) range of Seyfert galaxies (1042 to 1044 ergs s−1),
the approximated rs ranges from 0.008 to 0.08 pc, whereas Fig. 3.7 shows that the criti-
cal radius (where the largest expansion occurs in a disc) ranges from 0.1 to 2.3 pc. This
implies that the AGN heating does not completely destroy the grains which are residing
at the surface of the NSD at parsec scale. Based on this rough estimate, the AGN heating
may not have a significant effect on the presented hydrostatic structure. However, a proper
treatment of the AGN irradiation is required to be conclusive which will be done in detail
in future work. Finally, NSDs may be present in galaxies with no central AGNs; therefore,
this model may have wider applicability beyond AGNs.
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Based on Hubble Space Telescope and ground based telescopes, nuclear star clusters
(NSCs) are observed to be a common phenomena occurring in many types of galaxies:
70% in spheroidal galaxies (Côté et al., 2006) and 75% in late-type (Sc-Sd) disc galaxies
(Böker et al., 2002; Walcher et al., 2005). Their sizes are at the parsec scale, 2-5 pc (Geha
et al., 2002; Böker et al., 2004; Côté et al., 2006). Two possible scenarios are proposed
for the formation of NSCs: (1) merger of dense clusters via dynamical friction (Andersen
et al., 2008; Capuzzo-Dolcetta & Miocchi, 2008) and (2) gas accretion at the parsec-scale
(Mastropietro et al., 2005; Seth et al., 2006). NSDs fall under the second scenario which
can be a potential progenitor of NSCs. The NSD theory predicts a compact star-forming
region with intense SF rate (> 3Myear-1) on parsec scale. Moreover, the 2D calculation
of NSDs show these regions possess an environment whose scale-height is approximately
larger by an order of magnitude than the radial distance. These characteristics of NSDs
pose an interesting question: can nuclear star clusters be remnants of nuclear starburst
discs? We will be addressing this question in the future investigation.
3.5 Conclusion
To summarize, we have successfully developed an iterative algorithm to compute the 2D
hydrostatic structure of a nuclear starburst disc. These discs can be a potential source in
obscuring the AGN radiation when an abundant amount of gas is available in galaxies at
intermediate redshift fueling the central black hole. This modeling allows us to confirm that
NSDs can possess the radiation pressure supported dusty structure on sub-parsec/parsec
scale covering a major part of the sky (observed from a central back hole). Our results
show that the NSD with fixed physical conditions can appear to be obscured by CN or CK
gas depending on a viewing angle which supports the basic unification theory of AGNs.
Below we summarize our main findings:
• A starburst phenomenon is more likely to occur in a disc with a smaller size, larger
gas fraction, and higher Mach number.
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• 52% (99/192) of models show the large expansion of an atmosphere on parsec/sub-
parsec scales. This indicates that a large expansion at the parsec/sub-parsec scale is
a common phenomenon in dusty star-forming regions.
• Within the input parameter space, the atmosphere can be expanded from 0.2 to ∼ 30
h/R at the critical radius (Rcric) ranging from ∼0.2 to ∼2 pc. For a lower black hole
mass, the inflation occurs closer to the black hole as indicated in Fig. 3.7.
• Based on the random sample of input parameters, the NSD theory predicts 56% of
Type 1, 23% of CN Type 2s, and 21% of CK AGNs. Within the sample of obscured
AGNs, the distribution of CN Type 2s peaks near 1023.5 cm-2. These predictions
are consistent with observational evidence (e.g., Akylas & Georgantopoulos, 2009;
Burlon et al., 2011; Brightman & Nandra, 2011a; Ueda et al., 2014).
• Based on the 2D NSD theory,NH along a line of sight varies from 1022.5 cm-2 to 1029.5
cm-2. From an edge-on view, all NSD models appear to be CK which is expected
since dense gas resides at the mid-plane.
• Our results show a heavily obscured CN and CK AGNs span almost the entire range
of θ from 0◦ to≈80◦. The given AGN-NSD system (fixed input parameters) appears
to be CN to CK for θ less than θmax; otherwise, the central AGN would appear to
be Type 1. This supports the basic unification theory of AGNs. The restrictions
on NH,max and θmax of this system is determined by its physical conditions (input
parameters).
• A linear vertical distribution of Σ̇* has an insignificant effect on NH distributions
since the distribution of SF only affects the temperature solution of RTE (Eq. 3.7)
and its effect is negligible.
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CHAPTER 4
THE SHAPE OF THE COSMIC X-RAY BACKGROUND: NUCLEAR
STARBURST DISCS AND THE REDSHIFT EVOLUTION OF AGN
OBSCURATION
4.1 Introduction
The cosmic X-ray background (CXB) spans roughly 1 keV to 400 keV and the shape of
its spectrum is characterized by a power law with the photon index of Γ = 1.4 − 1.52 in
the 2-10 keV band (Marshall et al., 1980; De Luca & Molendi, 2004; Moretti et al., 2009;
Cappelluti et al., 2017) and a peak in the ∼ 20-30 keV band (Gruber et al., 1999). The
spectrum up to a few keV is resolved mostly into point sources from the observations of
XMM-Newton and Chandra (Worsley et al., 2005). Many of these sources are confirmed
to be active galactic nuclei (AGNs) (Bauer et al., 2004) which suggests that the CXB may
be the integrated X-ray spectrum of AGNs throughout the history of the Universe. Nu-
merous AGN spectra exhibit the presence of dusty and gaseous regions (Gilli et al., 2007;
Lawrence & Elvis, 2010). The distribution of column density along the line of sight (NH)
is a key ingredient in modeling the CXB (Akylas et al., 2012), especially the fraction of
Compton-thick (CK) AGNs (fCK) where the reflection due to the Compton scattering be-
comes important. They possess a large amount of material (NH > 1024 cm−2) along the
line of sight which makes them very difficult to observe even in X-ray. Moreover, a wide
range of fCK from 5% to 50% can produce the observed CXB spectrum due to the degen-
eracy within modeling input parameters (Akylas et al., 2012). Therefore, it is essential to
compute a theoretically motivated NH distribution.
The physical conditions, driving mechanisms, and geometrical configuration of the ob-
scuring region in the vicinity of AGNs are very poorly known. They appear to be dependent
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on the AGN luminosity (Akylas et al., 2006; Hasinger, 2008; Ebrero et al., 2009; Burlon
et al., 2011; Ueda et al., 2014; Aird et al., 2015; Buchner et al., 2015; Sazonov et al., 2015)
and also possibly on redshift (Ballantyne et al., 2006b; Hasinger, 2008; Brightman & Ueda,
2012; Iwasawa et al., 2012; Vito et al., 2014). Moreover, various mechanisms and physical
conditions can play an important role for this observed obscuration such as a dusty atmo-
sphere, star-formation, radiation pressure dominance, stellar wind, magnetic field, AGN
feedback, and so-forth. For example, based on the study of 836 AGNs from hard X-ray
Swift Burst Alert Telescope survey, Ricci et al. (2017) find that the radiation pressure on
dust plays an important role in distributing the circumnuclear material which is mainly
driven by an accretion rate. Furthermore, these regions may vary significantly from galaxy
to galaxy (i.e., between Seyfert galaxies and quasars). To explain the observed properties
of NH, various modeling perspectives have been proposed: a simple uniform toroidal torus
(Krolik & Begelman, 1986; Pier & Krolik, 1992), geometrically thick medium supported
by infrared (IR) radiation pressure (Krolik, 2007; Dorodnitsyn et al., 2011; Dorodnitsyn
& Kallman, 2012; Chan & Krolik, 2016; Dorodnitsyn et al., 2016), the turbulent pressure
dominated torus (Wada & Tomisaka, 2005; Watabe & Umemura, 2005), warped/tilted discs
(Nayakshin, 2005; Caproni et al., 2006; Lawrence & Elvis, 2010), a clumpy torus (Hönig
& Beckert, 2007; Nenkova et al., 2008; Hönig & Kishimoto, 2010), and nuclear starburst
discs (Fabian et al., 1998; Wada & Norman, 2002; Thompson et al., 2005; Ballantyne,
2008; Hopkins et al., 2016; Gohil & Ballantyne, 2017).
A great deal of work is done in modeling the observed cosmic X-ray background (e.g.,
Ueda et al., 2003; Treister & Urry, 2005; Ballantyne et al., 2006a; Gilli et al., 2007; Draper
& Ballantyne, 2009; Draper & Ballantyne, 2010). However, the NH distributions used
in those models are not related to any physical mechanism. Nuclear starburst discs are
promising candidates to explain the obscuration in Seyfert galaxies at intermediate red-
shift z ∼ 1 (Ballantyne, 2008; Gohil & Ballantyne, 2017). This is the era when there is a
large gas-fraction available in galaxies (i.e., Narayanan et al., 2012) and not long after the
67
peak in the history of cosmic star-formation rate is observed (Madau & Dickinson, 2014).
Moreover, one-dimensional (1D) (Thompson et al., 2005) and two-dimensional (Gohil &
Ballantyne, 2017) model of NSDs suggest that a disc can possess an inflationary atmo-
sphere at parsec/sub-parsec scale when the grains are sublimated at mid-plane. Then, the
AGN spectrum can be reprocessed by such an expanded atmosphere. Therefore, in this
work, we use the 2D NSD theory of Gohil & Ballantyne (2017) and compute 768 NSDs
across the input parameter space (disc size, Mach number, gas fraction, and black hole
mass). A distribution of column density along the line of sight (NH) is computed using
these models. Afterward, the NH distribution is evolved by calculating redshift dependent
distribution functions of the input parameters. By utilizing the evolution of the NH distri-
bution, we predict the cosmic X-ray background as well as the AGN number counts in 2-8
keV and 8-24 keV bands.
Sect. 4.2 reviews the modeling aspect of the 2D NSD structure. Sect. 4.3 describes
the methodology used in order to evolve the NH distribution. In Sect. 4.4, we provide
the results including the predicted cosmic X-ray background and also the AGN number
counts in 2-8 keV and 8-24 keV bands. Sect. 4.5 discusses the results and compares to
observations. Then, the paper is concluded in Sect. 4.6.
4.2 A Brief Review on Modeling of NSDs
Gohil & Ballantyne (2017) predicted the integrated NH distribution associated with the
starburst regions by modeling the 2D hydrostatic structure of NSDs. The modeling of a
NSD depends on four input parameters: disc size Rout, the black hole mass M bh, the gas
fraction at the outer radius f g,out, and the Mach number m = vr/cs, where vr and cs are the
radial velocity and the speed of sound, respectively (frequently used variables in the paper
are described in Table 4.1.). We assumed that the discs are symmetric around the z = 0
plane and z-axis. The first step in constructing the 2D structure was to compute the radial
distribution of the mass integrated column density Σmp(R) and the energy content which
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Table 4.1: Description of symbols used frequently in the paper.
Symbol Description
f2 Fraction of Type-2 AGNs
f2,Rf Fraction of obscured AGNs with high reflection
f2,Q Fraction of obscured quasars
fCK Fraction of Compton-thick AGNs
fCN Fraction of Compton-thin AGNs
f g,out Gas fraction at the outer radius
L Bolometric luminosity
M bh A black hole mass
NH Column density along the line of sight
Rf Reflection parameter
Rout Size of a nuclear starburst disc
P (λ) Eddington ratio distribution
ΦAGN Distribution function of an active black hole mass
Φf Distribution function gas fraction
θ Viewing angle
z redshift
was parameterized by the effective temperature T eff(R). These were obtained by following
1D NSD model of Thompson et al. (2005). The disc was then divided into a number of
annuli and, for each annulus of a given Σmp and T eff, the hydrostatic structure was obtained.
The vertical structure was computed by solving coupled equations of hydrostatic balance,
energy balance, and the radiative transfer using the iterative method. By resolving the
structure at every annulus, we computed the 2D structure of NSDs where the physical
quantities (i.e., temperature, density, and opacity) varied with the radial distance R and the
viewing angle θ (measured at the mid-plane).
The NSDs were modeled under various physical conditions which span a large range of
the input parameter space. In total 192 models were computed and the range of their input
parameters are shown in Table 2 of Gohil & Ballantyne (2017). In total 99 models showed a
starburst phenomenon at the parsec/sub-parsec scale (0.2-2 pc) when the discs exceeded the
dust sublimation temperature at mid-plane. This causes a large opacity gradient resulting in
an inflationary atmosphere. The phenomenon is more common in discs with a smaller size,
a larger gas fraction, and/or high Mach number. These discs exhibit the inflated atmosphere
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with surface height (h) ranging from 0.2 to 30 R. Since 52 per cent of discs show a large
expanded atmosphere, this suggests that the starburst phenomena could be common and
these conditions can potentially obscure the incoming AGN radiation. Moreover, the NH
distribution as a function of θ for a given NSD shows that its AGN can be observed as
Type-1 (T1), Compton-thin (CN), or CK depending on the viewing angle. This conclusion
is in agreement with the simple unification theory of AGNs which states the Type-1 and
Type-2 AGNs are intrinsically the same objects except their orientations are different with
respect to an observer (Antonucci, 1993; Netzer, 2015).
Finally, the NH distribution associated with a sample of 192 discs was computed based
on random selection. The predicted NH distribution had a few features which were con-
sistent with the observational evidence. First, the fraction of obscured AGNs (f2) peaks
near 1023 cm−2 (Burlon et al., 2011; Ueda et al., 2014; Buchner et al., 2015; Sazonov et al.,
2015). Second, the 2D NSD theory predicts the ratio of CN to CK AGNs to be 0.9 (Gohil
& Ballantyne, 2017) which is within the required range, 0.5-1.6, of producing the 20-50
keV part of the CXB spectrum (Ueda et al., 2014). Third, the fraction of CK AGNs (fCK)
associated with the NSDs is 21% (Gohil & Ballantyne, 2017) which is within the uncer-
tainties of observational evidence (Akylas & Georgantopoulos, 2009; Burlon et al., 2011;
Brightman & Ueda, 2012; Ricci et al., 2017). This consistency leads to the conclusion that
the starburst discs can obscure the AGNs and may also be the dominant contributors to the
peak of CXB spectrum. 1
1The 2D NSD model was updated with energy input from AGN irradiation by following the similar
scheme as described in Appendix (d) of Hubeny (1990). The AGN irradiation has an insignificant effect on
the structure of NSDs since the energy content from the starburst outshines the AGN spectrum at parsec/sub-
parsec scale while the AGN spectrum weakens at a larger distance. This result is consistent with the con-
clusion of Gohil & Ballantyne (2017) which was based on the rough estimate of the dust sublimation radius
and the optical depth along the line of sight. Outflows driven by star-formation or AGN irradiation are not
considered by this model.
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4.3 Methodology: Evolution of the NH Distribution
Gohil & Ballantyne (2017) computed the NH distribution based on the random distribution
of input parameters. In order to evolve theNH distribution with redshift, we take the statisti-
cal approach where the observationally motivated distribution functions of input parameters
are adopted. Since these functions have a redshift dependency, one can compute the NH
distribution with respect to redshift. Unfortunately, there is not enough observational data
on the disc size Rout and the Mach number m. Therefore, their weights (probability) are
assumed to be uniform. For Rout and m, we choose
Rj ≡ Rout ∈ [60, 120, 180, 240]pc and (4.1)
ml ∈ [0.1, 0.3, 0.5]. (4.2)
Then, their respective weights are
WR(z, R) = 1/4, and (4.3)
Wm(z,m) = 1/3. (4.4)
However, there is enough observational data which can be used to compute the distribution
functions of active black hole mass M bh and the gas fraction in galaxies.
4.3.1 Evolution of the AGN Mass Function ΦAGN
Mass of a black hole plays an important role in deciding the location of starburst phe-
nomenon in NSDs (Ballantyne, 2008; Gohil & Ballantyne, 2017). For instance, gas has
to accrete more to smaller radii before reaching the sublimation temperature of dust for
a lower M bh. A bolometric luminosity of an AGN (L) is directly linked to a central
black hole (M bh) through the Eddington radio (λ = L/LEdd), where LEdd = lM bh with
l ≈ 1.26 × 1038M−1 erg s
−1. Given the Eddington ratio distribution P (λ) and the AGN
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ΦL(z, L)P (λ)d log λ. (4.5)




ΦL(z, L(M bh, λ))P (λ)d log λ. (4.6)
The lower limit on the Eddington ratio λmin is set by the definition of an AGN (L ≥ 1042





For the AGN luminosity function, we adopt the work of Ueda et al. (2014). The bolometric
luminosity (L) is converted into the X-ray luminosity(Lx) by
log(L/Lx) = 1.54 + 0.24ζ + 0.012ζ
2 − 0.0015ζ3 (4.8)
where ζ = log(L/L) − 12 and L = 4 × 1033 ergs s−1 (Marconi et al., 2004). Unfor-
tunately, the Eddington ratio distribution P (λ) is very poorly known observationally. They
are observed to be in two forms: log-normal and power-law distribution (e.g., Kollmeier
et al., 2006; Aird et al., 2012; Kelly & Shen, 2013; Shankar et al., 2013). We tried both
forms of the Eddington ratio distribution from Tucci & Volonteri (2017) which also has
dependency on redshift. The log-normal distribution from Tucci & Volonteri (2017) takes
the form of











Here, the the central value λ0 and the dispersion σ are
log λ0(z) = max[−1.9 + 0.45z, log(0.03)] and (4.10)
σ(z) = max[1.03− 0.15z, 0.6], (4.11)
respectively. The log-normal distribution is more favored for high luminous Type-1 AGNs
and they may be related to the thin accretion flow (Trump et al., 2011). The power-law
distribution of the Eddington ratio takes the form of (Tucci & Volonteri, 2017)





−0.6 z ≤ 0.6
−0.6/(0.4 + z) z > 0.6.
(4.13)
Here, λ0 is 1.5 for η ≤ 0.1 or λ0 = 2.5 otherwise. Eq. 4.12 seems to be associated with the
Type-2 AGNs (Aird et al., 2012) and is also consistent with work of Hopkins & Hernquist
(2009), Kauffmann & Heckman (2009), and Aird et al. (2012) at low redshift.
Finally, one can compute the active black hole mass function by using Eq. 4.6. We
choose a total of 16 bins in the domain of x = log(M bh),
xi ∈[6.5, 6.6, 6.7, 6.8, 6.9, 7.0, 7.1, 7.2,
7.3, 7.4, 7.5, 7.6, 7.7, 7.8, 7.9, 8.0].
(4.14)







Figure 4.1: Left: Illustrating the probability weights of black hole mass 106.5M,107.3M,
and 108.0M as a function of redshift (Eq. 4.15). The solid and dashed curves are com-
puted assuming the log-normal (Eq. 4.9) and power-law (Eq. 4.12) distribution of P (λ),
respectively. Regardless of a choice on P (λ), weights of low-end mass accreting black
holes increases with redshift and the reverse holds true for the high-end black hole mass.
We have tested both the distribution functions of P (λ) and they have a negligible effect
on the evolution of NH distribution. Right: The panel illustrates the probability weights
Wf of 20%, 40%, 60%, and 80% gas fraction as a function of redshift (Eq. 4.20) which
are represented by black, red, blue, and green curves, respectively. In general, the figure
follows the observational feature that the gas fraction increases with redshift.
The left panel of Fig. 4.1 illustrates the weights of an active black hole mass Wx as
a function of redshift. The solid curve represents the log-normal distribution of P (λ)
(Eq. 4.9), while the dashed curve is computed using the power-law distribution (Eq. 4.12).
The red, green, and blue color show Wx for the black hole mass of 106.5M,107.3M, and
108.0M, respectively. In the case of log-normal distribution, black holes with the mass
near 107.3M dominates in the local universe, while the lower black hole mass dominates
at higher redshift. At z ∼ 2, black holes in the entire domain of M bh seem to have equal
contribution. On other hand, when the power-law distribution is chosen, the weights of
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higher black hole mass dominate redshift. With either choice of P (λ), the result shows that
the weights of lower black hole mass increases with redshift and the reverse is true for the
higher black hole mass. There are some differences in active black hole mass function and
its evolution depending on the choice of P (λ). However, a choice of of P (λ) has negli-
gible effect on the final results (the evolution of NH distribution and the CXB spectrum)
and that is because the statistical evolution of NH distribution is mainly governed by the
weights of f g,out rather than M bh. Therefore, we select the power-law distribution P (λ) for
the further work since that particular distribution P (λ) seems to be associated with Type-2
AGNs (Aird et al., 2012).
4.3.2 Evolution of the Gas Fraction Function Φf
Gohil & Ballantyne (2017) showed that the AGN obscuration phenomenon depends on the
gas fraction in NSDs. With the higher gas fraction, more amount of gas is available to
accrete which increases a column of gas in annulus Σmp and, in turn, controls an expansion
of an atmosphere. An overall gas fraction (f0) in galaxies is observed to be increasing






The depletion time is estimated to be (Saintonge et al., 2013)
tdep = 1.5(1 + z)
α[Gyr] (4.17)
with α = −1.0 (Tacconi et al., 2013). Lilly et al. (2013) provides the analytical expression
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(1 + z)5/3 z ≥ 2
(4.18)
which was motivated from observational data (e.g., Daddi et al., 2007; Elbaz et al., 2007;
Noeske et al., 2007; Pannella et al., 2009; Stark et al., 2013). Since there is a weak depen-
dence on the galaxy mass M∗, we choose M∗ = 1010.5M. Then, the distribution of gas
fraction (Φf ) is assumed to be Gaussian around f0 which is given by










The dispersion σf is estimated to be 0.2 by roughly fitting the Gaussian to the results of
Tacconi et al. (2013). Finally, we can compute the weightsWf of input parameter f ≡ f g,out
from






fk ∈ [0.2, 0.4, 0.6, 0.8]. (4.21)
The right panel of Fig. 4.1 shows the evolution of 20%, 40%, 60%, and 80% gas fraction
with redshift which are represented by black, red, blue, and green curves, respectively.
At low redshift, NSDs with low gas fraction dominates the sample, while NSDs with a
40% gas fraction dominates at 1< z <2. Beyond z = 2, NSDs with a 60% gas fraction
dominates. Wf of NSDs with low gas fraction decreases overall with redshift and the
reverse is true for the the NSDs with the high gas fraction (60% and 80%). Similar to the
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observational evidence, the figure illustrates that the dominant gas fraction increases with
z and its evolution flattens out at higher redshift.
4.3.3 Evolution of the NH Distribution
Using redshift dependent weights of input parameters (Wx(z),WR,Wf (z), and Wm), one
can evolve theNH distribution with redshiftWNH(z). TheNH distribution is divided among
11 bins
log[NH(cm-2)] ∈[20.0, 20.5, 21.0, 21.5, 22.0, 22.5,
23.0, 23.5, 24.0, 24.5, 25].
(4.22)
For a given NSD disc, a viewing angle (an orientation of an NSD with respect to an ob-
server) is divided into 30 bins between 0 and 90 degrees. Then, the weights of NH bins
WNH(
~I) for the disc is given by
WNH(
~IP , NH) = N(NH)/Ntot (4.23)
where N(NH) is the number of column density with NH and Ntot is the total number of
columns of gas. The weights of log[NH(cm-2)] = 20.0 and log[NH(cm-2)] = 25.0 bins
include all the lines of sight with column density NH ≤ 1020cm-2 and NH ≥ 1025cm-2,
respectively. ~IP is the input parameter vector equal to [x,Rout, f g,out,m]. In total, 768
models are computed across the input parameter space which gives 23,040 (768 × 30)





~IP , NH)Π(z, ~IP ) (4.24)
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Figure 4.2: Left: The figure shows the evolution for different type of AGN fractions. The
fraction of Type-1 AGNs decreases with redshift while the converse is true for the Type-2
AGNs. The fraction of Type-2 AGN, CN, and CK AGNs evolve as (1 + z)δ with δ equal
1.2, 1.12, and 1.45 for z < 2, respectively. Beyond this redshift, their evolution strength
decrease to 0.24, 0.16, and 0.42, respectively. Right: The evolution of a few columns of
gas (Eq. 4.24) are shown here. All NH bins exhibit the evolution with z and the NH ∼ 1023
cm-2 dominates the distribution for all redshifts.
where
Π(z, ~IP ) = Wx(z, x)×Wf (z, f)×Wm ×WR (4.25)
and AN is the normalization constant. By using Eq. 4.24, the evolution of Type-1, Type-2,
CN and CK fractions can be predicted, as well as the evolution of each column density NH.
The results are shown in Fig. 4.2.
4.4 Results
By employing an adequate statistical method, we compute the evolution of AGN obscura-
tion. By utilizing this result, we later predict the cosmic X-ray background and the AGN
number counts in 2-8 keV and 8-24 keV bands as well as in different NH bins.
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4.4.1 Evolution of AGN obscuration
A simple statistical evolution shows that obscuring material has a strong evolution with
redshift which is illustrated in Fig. 4.2. The left panel exhibits that the evolution of Type-
1, Type-2, CN, and CK AGN fractions are represented by black-solid, red-dashed, blue-
diamond, and green-triangle curves, respectively. All the fractions of obscured AGNs in-
crease with redshift, while the Type-1 AGN fraction decreases.2 The AGN fractions have
a strong evolution up to z = 2 which is also concluded by many other groups (Ballantyne
et al., 2006b; Treister et al., 2006; Ueda et al., 2014; Liu et al., 2017). For z > 2, there is
a weak dependence on redshift which is also consistent with the work of Liu et al. (2017).
The drastic change at z = 2 can be explained by the discontinuous sSFR function which
is given by Eq. 4.18. The ratio of CN AGN fraction (fCN) to fCK is always higher than
1 throughout the redshift range. The right panel shows the evolution of a few individual
column density bins. The black-solid, red-dashed, blue-diamond, green-triangle, yellow-
star, and cyan-circle curves represent a column of gas with log[NH(cm−2)] equal 20, 21,
22, 23, 24, and 25, respectively. In general, their weights WNH are predicted to increase
with redshift. The panel exhibits that the NH distribution peaks near 1023 cm-2 through-
out the redshift range which is in agreement with observations (e.g., Burlon et al., 2011;
Ueda et al., 2014; Buchner et al., 2015; Sazonov et al., 2015). The unobscured AGNs with
NH = 10
20 cm−2 have a strong evolution while the AGNs with NH = 1021 cm−2 possess a
weak dependence on z.
The evolution strength of the AGN fraction can be measured by fitting the power-law
(1+z)δ. δ = δ1 and δ = δ2 represent the power-law index for z < 2 and z > 2, respectively
and their values are shown in Table 4.2. The fCK always has a slightly stronger evolution
than fCN. The strength of an evolution for each NH bin is again measured by fitting the
power-law WNH ∝ (1 + z)α. The power index α = α1 for z < 2 (solid curve) and α = α2
2The sample of NH distribution has a column of gas along all the line of sight from 0◦ to 90◦. We added
the galactic scale obscuration (1020 cm−2) to the line of sights which has zero column density from nuclear
regions.
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Figure 4.3: Figure illustrates the dependence of evolution strength α on NH, where α is
the power-law index such that WNH ∝ (1 + z)α. AGNs with increasing NH have a faster
evolution for both cases: z < 2 (solid curve) and z > 2 (dashed curve). In other words, the
difference between the fraction of a given NH bin at z = 0 and z = 2 significantly rises as
the NH increases.
Table 4.2: The redshift evolution (1 + z)δ of Type-1, Type-2, CN, and CK AGN fractions
are characterized by the power-law index δ. δ = δ1 and δ = δ2 represent the evolution
strength for z < 2 and z > 2, respectively.






for z > 2 (dash curve) as a function of a column density are illustrated in Fig. 4.3. The
power-law indices are predicted to increase with the amount of obscuration for obscured
AGNs in both eras: z < 2 and z > 2. The α has a weak dependence on column density
in Compton thick regime. Fig. 4.3 also suggests that the evolution of AGN environment
highly depends on obscuring medium. The difference between the AGN fraction of a given
NH bin in local universe and at z = 2 increases as the amount of obscuration (NH) increases.
Similar conclusion holds true while comparing the AGN fraction at z = 2 and z = 4.
4.4.2 Cosmic X-ray Background
By utilizing redshift dependent NH distribution WNH (NH, z) and starting with the work of
Ballantyne et al. (2011), we predict the cosmic X-ray background (CXB) associated with
the dusty starburst regions.3 Since the average photon index of an intrinsic AGN X-ray
spectrum 〈Γ〉 is observed to peak near 1.85 (Ueda et al., 2014), the 〈Γ〉 is fixed at 1.85.
The high energy cutoff Ec = 220 keV is chosen such that the best fit to the observed CXB
spectrum is produced. We also introduce the redshift dependent reflection fraction Rf (z)





Here, the fraction of AGNs with high reflection f2,Rf (z) is computed using the NH(z)
distribution from the 2D NSD theory. Since, high reflection is also observed from mod-
erately obscured CT AGNs (Ricci et al., 2011; Esposito & Walter, 2016), f2,Rf (z) is de-
fined as the fraction of NH from 1023.5 to 1025 cm−2. The NH distribution of NSDs is
used for L2−10keV < 1044 erg s−1 (Seyfert regime) since they are more viable source of
obscuration for “Seyfert-like” AGNs (Ballantyne, 2008; Gohil & Ballantyne, 2017). For
L2−10keV > 10
44 erg s−1 (quasar regime), we adopt two cases: (i) only unobscured AGNs in
order to study the consequences of solely NSDs on CXB spectrum, and (ii) the fraction of
3The AGN luminosity function used is from the work of Ueda et al. (2014).
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Figure 4.4: The predicted CXB spectra are shown by assuming the photon-index 〈Γ〉 =
1.85 (Ueda et al., 2014) for an intrinsic AGN X-ray spectrum and the high energy cutoff
Ec = 220 keV. The shaded area represents uncertainty in observational data. The blue-
star curve is the predicted CXB spectrum produced by AGNs with L2−10keV < 1044 erg
s−1 (Seyfert regime). These AGNs are obscured by nuclear starburst discs with the NH
distribution given by the 2D NSD theory while the AGNs with L2−10keV > 1044 erg s−1
(quasar regime) are assumed to be unobscured. The E < 3.0 part of the spectrum is
overestimated while the spectrum has a lower peak (blue-star curve) with comparison to
the observed one (shaded area). In order to produce the correct SED, at least 40 per cent
of CK “quasars-like” AGNs are required (green-dashed curve). The contribution of 20 per
cent CN and 60 per cent CK quasars predict the best fit spectrum to observations which is
shown by the red-dash-dotted curve. The spectrum has Γ = 1.49 in 2-10 keV bands which
is consistent with observations (e.g., Moretti et al., 2009; Cappelluti et al., 2017)
.
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Figure 4.5: The compact (Rout with 60 pc and 120 pc) and extended (Rout with 180 pc
and 240 pc) NSDs do not have a significant difference on the CXB spectrum. However,
the peak of the spectrum has a slightly better match with the observations when only the
compact NSDs are used. The 2-10 keV photon index (Γ) is 1.46 in the case of compact
NSDs while the case of extended NSDs predict it to be 1.52.
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Type-1 (T1), CN, and CK such that it produces the best fit to the observed CXB spectrum.
The predicted CXB spectra are shown in Fig. 4.4. The shaded regions are the uncer-
tainty in the observed CXB spectrum. The blue-star curve represents the first case without
any contributions of obscured quasars (f2,Q = 0.0). The high energy part of spectrum
matches the observation which is due to the selection of a particular energy cutoff Ec. The
spectrum is predicted lower in general, but the converse is true for E < 3.0 keV. Straight-
away, we can find the required contribution of “quasar-like” AGNs in order to predict the
observed CXB spectrum. The green-dashed curve shows that at least 40 per cent of such
CK AGNs (fCK,Q) along with 0.4 and 0.2 fractions of CN and T1 “quasars-like” AGNs, re-
spectively are required in order to produce the spectrum within observed uncertainty. The
0.2, 0.2, and 0.6 fractions of T1, CN, and CK yields the best matched spectrum which fits
very well with the observed one. The 2-10 keV photon index is 1.49 which is consistent
with the observed value, 1.4-1.54 (Marshall et al., 1980; De Luca & Molendi, 2004; Moretti
et al., 2009; Cappelluti et al., 2017).
We also explore the effect of compact and extended NSDs on CXB spectrum which are
illustrated by red-dash-dotted and blue-dashed curves in Fig. 4.5, respectively. The NSDs
with Rout equal 60 pc and 120 pc are considered as compact, while the extended NSDs
are referred to the one with the size of 180 pc and 240 pc. A sample with either type of
NSDs produces the CXB peak (20-30 keV) within the observational uncertainty; however,
the NSDs with a smaller size are more favorable. The compact and extensive NSDs predict
the photon index of 2-10 keV to be 1.46 and 1.52, respectively which are still in good
agreement with observations (Marshall et al., 1980; De Luca & Molendi, 2004; Moretti
et al., 2009; Cappelluti et al., 2017).
4.4.3 AGN Number Counts
A widely used physical quantity in studying the cosmic X-ray background is the AGN
number counts per unit area N (e.g., Brandt et al., 2001; Bauer et al., 2004; Kim et al.,
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Figure 4.6: Left: Figure illustrates the number counts (N ) of unobscured, moderately ob-
scured, and heavily obscured AGNs in 2-8 keV bands through panel (a), (b), and (c) re-
spectively. The number counts of moderately obscured AGNs at high energy flux (S) and
the heavily obscured AGNs are in fair agreement with the observational data from CDF-S
(Lehmer et al., 2012). The green-dash-solid shows the number counts of “Seyfert-like”
AGNs which are obscured by the NH distributions associated with NSDs. The blue-dashed
curve shows the total number counts which also includes the contributions from quasars
(20 per cent CN and 60 per cent CK). Right: The total differential AGN number counts
in 8-24 keV band (black-dashed curve) are shown in this panel which agrees with the
observational sample of NuSTAR (Harrison et al., 2016). The panel also provides the pre-
diction of differential number counts of AGNs in many obscuration bands associated with
the “Seyfert-like” AGNs. Their total differential number counts are shown with the black-
dash-dotted curve. The figure also illustrates that contribution from quasars is important in
order to match the observations.
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2007; Georgakakis et al., 2008; Lehmer et al., 2012; Harrison et al., 2016). Therefore,
we predict the AGN number counts in 2-8 keV and 8-24 keV bands for the case of best
matched CXB spectrum with the observational one (i.e., f2,Q = 0.8). Afterward, they
are compared against the observations made by 4 Ms Chandra Deep Field-South (CDF-S)
survey and NuSTAR. The left panel of Fig. 4.6 shows the predicted AGN number counts
in 2-8 keV as a function of energy flux (S) where panels (a), (b), and (c) are sorted by a
range of column density. The red curve represents the observed number counts and the
shaded area is observational uncertainty (Lehmer et al., 2012). The AGN number counts
with L2−10keV < 1044 erg s−1 are shown in green-dash-dotted curve and the blue-dashed
show the total number of AGN number counts. The number counts of unobscured AGNs
(top-left panel) is overestimated even with the exclusion contribution from quasars. The
obscured AGN number counts in 22 ≤ log(NH[cm−2]) < 23 range is underestimated.
With the inclusion of quasars contribution, the number counts fits the observed ones for
high energy flux, but it is still lower for S < 10−14.7 erg s−1 cm−2. For heavily obscured
AGN (1023-1024 cm−2), the contribution from quasars is very small and the AGN number
counts are in fair agreement with observations (Lehmer et al., 2012) as shown in bottom-
left panel of Fig. 4.6. This suggests that the 2D NSD theory produces the correct form of
NH distribution for heavily obscured AGNs in Seyfert galaxies.
A major source for overestimating the unobscured AGNs could be an exclusion of
galaxy-scale obscuration. The CXB model only includes the obscuring medium which
resides within a couple of hundred parsec scale (NSDs). Inclusion of galaxy-scale ob-
scuration would produce a better match with observations for both unobscured AGNs and
weakly-obscured AGNs (middle-left panel of Fig. 4.6) since this will shift some of the
AGNs number counts from unobscured AGNs bin (top-left panel of Fig. 4.6) to 22 ≤
log(NH[cm−2]) < 23 bin. Other possible sources for discrepancy include cosmic variance
in observational data (Somerville et al., 2004) and a first-order estimate for NH based on
energy band ratios (Lehmer et al., 2012).
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The right panel of Fig. 4.6 exhibits the differential number counts (dN/dS) in 8-24
keV band and are compared against the NuSTAR observation (e.g., Harrison et al., 2016).
The black-solid line represents the observational data with uncertainty in shaded area and
this is in fair agreement with the predicted total differential AGN number counts (black-
dashed line) which also includes the quasar contribution. The black-dash-dotted curve
shows the total differential counts of only “Seyfert-like” AGNs (associated with NSDs)
which alone are not sufficient enough to produce the observed ones. The red-circle, green-
diamond, blue-triangle, and yellow-star curves represent “Seyfert-like” AGNs (L2−10keV <
1044 erg s−1) with the obscuration in the range of log(NH[cm−2]) ∈ 20-22, 22-23, 23-24,
>24, respectively. The figure suggests that the unobscured differential counts dominate the
entire flux range. Furthermore, the differential counts of AGNs with 1023-1024 cm−2 range
dominates the sample of obscured AGNs.
4.5 Discussion
Unlike previous CXB models (Ueda et al., 2003; Treister & Urry, 2005; Ballantyne et al.,
2006b; Gilli et al., 2007), we include redshift-dependent distribution of column density
WNH(z,NH) and the reflection parameter Rf (z) motivated from a physical model of NSDs
in modeling of the CXB. This CXB model comprises of a diverse evolution of CN AGNs
(e.g., δ = 1.2) and CK AGNs (e.g., δ = 1.45). However, the predicted CXB spectrum
mainly due to the 2D NSD models is lower comparison to the observed spectrum. This is
not surprising for many reasons. The CXB traces an entire history of AGNs from low to
high redshift. NSDs are more viable source of the AGN obscuration at the intermediate red-
shift (Ballantyne, 2008; Gohil & Ballantyne, 2017). Moreover, there are also other physical
mechanisms which are not included in this modeling and they can play an important role in
AGN obscuration such as the magnetic field, outflow, and extreme high Mach number flow
(shock wave regions). For instance, outflows are observed in many star-forming galaxies
(Tremonti et al., 2007; Heckman et al., 2011; Diamond-Stanic et al., 2012) which can re-
87
duce the amount of obscuration through removal of gas. Besides the “Seyfert-like” AGNs,
very luminous quasars are also observed to be obscured (Iwasawa et al., 2012; Buchner
et al., 2015). The obscuration in their environment may be driven by different mechanisms
than the star-forming regions in “Seyfert-like” AGNs. The assumptions such as the evolu-
tion of gas fraction at hundreds of parsec scale being same as the galaxy gas fraction, and
the random selection of Rout and m can also contribute to errors in final results.
4.5.1 Comparison with observed fraction of obscured quasars
Our work suggests that 80 per cent of the quasars need to be obscured in order to produce
the observed CXB spectrum besides the NH distribution associated with the dusty starburst
discs. This value is in fair agreement with the observational work done by many groups.
Buchner et al. (2015) find that the cosmic averaged obscured fraction of AGNs with X-ray
luminosity Lx > 1043 erg s−1 is 0.72-0.81 using 2000 sample size from a various surveys.
Iwasawa et al. (2012) detect≈0.75 fraction of obscured “quasar-like” AGNs in deep XMM-
CDFS survey sample at z > 1.7. Schawinski et al. (2012) estimate ∼ 90 per cent of
observed quasars in 1 < z < 3 by deep HST WFC3/IR imaging to be heavily obscured.
Using Chandra Deep Field South (CDF-S) data in 4-7 keV band, Wang et al. (2007) find
that 71 ± 19 per cent of quasars are obscured (Type-2). Furthermore, a majority of these
“quasar-like” AGNs are predicted to be CK. Our CXB model requires 40 (lower limit) to 60
per cent (best match) of these high luminous AGNs to be CK. Similar conclusions are also
reached by many groups (e.g., Martı́nez-Sansigre et al., 2007; Draper & Ballantyne, 2010).
Martı́nez-Sansigre et al. (2007) finds that 10 out of 12 observed quasars at z > 1.7 are
Type-2 and ∼ 67 per cent of them are likely to be Compton-thick. Based on the analysis of
Chandra and XMM-Newton data, Jia et al. (2013) estimate the fraction of Compton-thick
in Type-2 quasars sample to be 46 to 64 per cent at z < 0.73. By studying the sample of 33
mid-IR luminous quasars at 1 < z < 3, Del Moro et al. (2015) find that 67 to 80 per cent
of quasars are Type-2 and the fCK was constraint to be 24-48 per cent. Thus, the predicted
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fractions of obscured quasars are impressively in fine agreement with observations.
4.5.2 Evolution of the obscured AGNs fraction
The evolution of AGN fractions is expected to be overestimated by the NSD models due to
several reasons mentioned above. Therefore, the predicted AGN fractions should be taken
as a lower limit. We again emphasize that the AGN fractions are computed with respect to
the entire domain of a sample, NH ∈ [0.0, 1026] cm-2; for instance,
f2 ≡
N(22 ≤ log[NH(cm-2)] ≤ 26)
N(20 ≤ log[NH(cm-2)] ≤ 26)
, (4.26)
where N is the number of obscured AGNs in that given NH bin. The power-law evolution
of obscured AGNs f2 ∝ (1 + z)δ associated with the dusty starburst discs (“Seyfert-like”
AGNs) is governed by δ = 1.2 for z < 2. Many groups have predicted δ in 0.4-0.5 range
(Ballantyne et al., 2006b; Treister et al., 2006; Ueda et al., 2014; Liu et al., 2017). Since,
the number density of “quasar-like” AGNs peaks at z ∼ 2 − 3 (Ueda et al., 2003; Barger
et al., 2005; Silverman et al., 2008; Yencho et al., 2009; Aird et al., 2012), f2,Q can play
an important role at z ∼ 2. Therefore, if the quasar contribution (f2,Q = 0.8) is added
to the obscured AGN fraction at z = 2 and one requires δ to be 0.45, then the estimated
f2 is approximately 40 per cent in the local universe. This serves as the lower limit since
the presence of outflows at higher redshift are more likely to remove gas from a system
which will reduce the amount of obscuration resulting in lower δ (<0.45). However, the
estimated f2(z = 0) = 0.4 is lower than the work of Liu et al. (2017) who finds that fCN by
itself is around 40 per cent in local universe. Moreover, the power-index of fCN evolution
is observed to be steeper (δ = 0.6) than the power-index of fCK AGNs (δ = 0.45) (Liu
et al., 2017). However, we find an opposite conclusion in scenario of AGNs associated
with NSDs. In that case, the fCK has a stronger evolution with comparison to fCN.
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4.5.3 Evolution of Compton-thick fraction and reflection parameter
Analysis similar to the above section can also be done for the evolution of the CK fraction
fCK ∝ (1 + z)δ. With the contributions from “quasars-like” AGNs, f2,Q corresponds to
∼ 37 per cent at z = 2. The recent studies have found 0.33-0.46 fraction of CK AGNs in
local universe (Brightman & Ueda, 2012; Buchner et al., 2015; Lansbury et al., 2017). If
we take the observed value of fCK in local universe to be around 35 per cent (Brightman
& Ueda, 2012; Buchner et al., 2015), then a very weak evolution, δ = 0.05, is predicted,
which is consistent with the conclusion of Brightman & Ueda (2012) and Buchner et al.
(2015). However, other groups have also inferred f2 ∼ 20 per cent in local universe from
observations (Akylas & Georgantopoulos, 2009; Brightman & Nandra, 2011a,b; Burlon
et al., 2011). In that case, the f2 is predicted to evolve with δ ∼ 0.56. Using NuSTAR
extragalactic survey data, Del Moro et al. (2017) find that the reflection (Rf ) is around 0.5
for AGNs with Γ = 1.8 and Zappacosta et al. (submitted, 2017) find the mean value to
be Rf = 0.41 at 0 < z < 2.1. These values are in fair agreement with our introduced
definition of reflection quantity (Rf ). The Rf associated with the NSDs rises from 0.13 at
z = 0 to 0.47 at z = 2.0 and 0.58 at z = 4.0.
4.6 Conclusion
To summarize, we statistically evolve the NH distribution (WNH(z,NH)) using redshift de-
pendent distribution of the input parameters: the gas fraction f g,out (Eq. 4.19) and the black
hole mass M bh (Eq. 4.6). Then, the NH(z) is utilized to predict the evolution of Compton
thin and CK AGNs. In addition, by utilizing the WNH(z,NH) (Eq. 4.24), we predict the
CXB spectrum and the AGN number counts in 2-10 keV and 8-24 keV bands. Below we
summarize our main findings:
• The obscured AGNs show a strong positive evolution with redshift up to z = 2 and it
is weakened afterward. The main driver of the evolution is gas-fraction in galaxies.
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• The fraction of CN and CK AGNs do not evolve ∝ (1 + z)δ in the same manner.
The predicted power-law index of evolution δ is 1.12 and 1.45 for fCN and fCK for
z < 2.0 which are associated solely with the dusty starburst regions. Moreover, the
ratio of fCK to fCN is always less than 1.
• Within the sample of obscured AGNs, the distribution column density along the line
of sight peaks near 1023 cm-2 independently of redshift (e.g., Burlon et al., 2011;
Ueda et al., 2014; Buchner et al., 2015; Sazonov et al., 2015).
• Based on the NuSTAR extragalactic survey sample, Del Moro et al. (2017) infer the
reflection parameter Rf = 0.41 for the AGNs with Γ = 1.8 and Zappacosta et al.
(submitted, 2017) compute the mean Rf equal 0.41 for sample at redshift 0 < z <
2.1. These values are within the range of modeled Rf associated with the NSDs: the
reflection parameter increases from 0.13 at z = 0 to 0.58 at z = 4.0.
• The evolution of AGN environment with redshift depends on obscuring medium. As
the amount of obscuration increases, the AGN fraction of a given NH bin in local
universe deviates more with comparison to higher redshift z = 2.
• The AGNs with starburst regions alone are not sufficient to produce the observed
CXB peak. In addition, 20, 20, and 60 per cent of unobscured, CN, and CK type of
high luminous AGNs (quasars) are required, respectively. The predicted lower limit
on CK quasars from the CXB model is 40 per cent.
• The predicted peak of SED has a better match with observation as NSDs get more
compact. Compact NSDs produce a 1.46 photon index in 2-10 keV band, while the
extended NSDs favor higher photon index ∼ 1.52 (Marshall et al., 1980; De Luca &
Molendi, 2004; Moretti et al., 2009; Cappelluti et al., 2017).
• With comparison to the observational sample of CDF-S (Lehmer et al., 2012), the
predicted number counts of unobscured AGNs in 2-8 keV band are overestimated.
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However, the number counts of low obscured AGNs at higher flux (S > 1014.7 erg
s−1 cm−2) and moderately obscured AGNs are in fair agreement. The estimated
total AGN number counts in 8-24 keV band are also consistent with the NuSTAR
observations (Harrison et al., 2016).
• The predicted fraction of obscured “quasar-like” AGNs is in reasonable agreement
with observations. This supports the possibility that nuclear starburst discs can be an
important source of obscuration in Seyfert galaxies at intermediate redshift. (Ballan-
tyne, 2008; Gohil & Ballantyne, 2017).
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CHAPTER 5
THE EFFECTS OF DUST ON THE EQUIVALENT WIDTH OF THE FE Kα
LINE IN AGNS
Obscured AGNs provide an opportunity to study the material surrounding the central en-
gine. Geometric and physical constraints on the absorber can be deduced from the re-
processed AGN emission. In particular, the obscuring gas may reprocess the nuclear X-
ray emission producing a narrow Fe Kα line and a Compton reflection hump. In recent
years, models of the X-ray reflection from an obscuring torus have been computed; how-
ever, although the reflecting gas may be dusty, the models do not yet take into account
the effects of dust on the predicted spectrum. We study this problem by analyzing two
sets of models, with and without the presence of dust, using the one dimensional photo-
ionization code Cloudy. The calculations are performed for a range of column densities
(22 < log[NH(cm−2)] < 24.5 ) and hydrogen densities ( 6 < log[nH(cm−3)] < 8). The
calculations show the presence of dust can enhance the Fe Kα equivalent width (EW) in the
reflected spectrum by factors up to≈ 8 for Compton thick (CK) gas and a typical ISM grain
size distribution. The enhancement in EW with respect to the reflection continuum is due
to the reduction in the reflected continuum intensity caused by the anisotropic scattering
behaviour of dust grains. This effect will be most relevant for reflection from distant, pre-
dominately neutral gas, and is a possible explanation for AGNs which show a strong Fe Kα
EW and a relatively weak reflection continuum. Our results show it is an important to take
into account dust while modeling the X-ray reflection spectrum, and that inferring a CK
column density from an observed Fe Kα EW may not always be valid. Multi-dimensional
models are needed to fully explore the magnitude of the effect.
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5.1 Introduction
All active galactic nuclei (AGN) are powered by gas accreting onto a central supermassive
black hole (e.g. Balbus, 2003), a process which emits a significant amount of energy across
the electromagnetic spectrum. Interestingly, a significant number of AGNs show the pres-
ence of local obscuration (Comastri, 2004) at distances ∼ 1-10 pc from the central engine
(e.g. Antonucci, 1993; Urry & Padovani, 1995). The nature and origin of the absorbing
gas is largely unknown but the gas presents an unique opportunity to study material as it
transitions from the galaxy to the AGN environment.
Superimposed onto the typical Γ∼ 1.8-2 X-ray power-law in AGNs (e.g. Dadina, 2008;
Beckmann et al., 2009; Corral et al., 2011) is an Fe Kα line (e.g. Nandra & Pounds, 1994;
Ebisawa et al., 1996). The narrow component of the line is observed in a large number
of objects (Yaqoob et al., 2001; Kaspi et al., 2001), even in many high-redshift samples
(Brusa et al., 2005; Corral et al., 2008; Chaudhary et al., 2012; Iwasawa et al., 2012), and
the width of the line indicates that it may originate in the obscuring material (e.g. Yaqoob &
Padmanabhan, 2004; Shu et al., 2010). Moreover, the equivalent width (EW) of the Fe Kα
line can be as large as several keV (e.g. Levenson et al., 2006) which may be a signature of
Compton thick (CK) gas (e.g. Murphy & Yaqoob, 2009). A correlation between the Fe Kα
EW and the line-of-sight column density is observed for columns > 1023 cm-2 indicating
that the line is often produced by CK gas in the AGN environment (e.g. Guainazzi et al.,
2005; Fukazawa et al., 2010). Thus, the Fe Kα line can be used as an important proxy to
study the properties of the obscuring gas around AGNs.
In recent years, there have been several Monte-Carlo models of X-ray reprocessing
from a CK torus (e.g. Ikeda et al., 2009; Murphy & Yaqoob, 2009; Brightman & Nandra,
2011a). However, all of these calculations omit dust from the models which in many cases
may be present in the X-ray absorbing gas (Jaffe et al., 2004; Prieto et al., 2004, 2005;
Meisenheimer et al., 2007; Tristram et al., 2007; Raban et al., 2009). As these models are
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now being used to determine the gross properties of the obscuring material, it is important
to consider the effects of dust on the X-ray reflection spectrum. Here, we use Cloudy
models to show that the inclusion of dust in the distant obscuring gas may have an important
impact on the reflected Fe Kα EW. Sect. 5.2 describes the geometrical set up of the models
and the calculation procedure. Sect. 5.3 describes the results, and Sect. 5.4 discusses the
implications of this study.
5.2 Calculations
The photo-ionization code Cloudy v13.02 (Ferland et al., 2013), is utilized to study the
impact of dust on the reflected iron Kα line. Although the calculations with Cloudy are
one dimensional, the code includes multiple grain species with a realistic size distribution
(e.g. Mathis et al., 1977) as well as a comprehensive treatment of grain physics (Weingart-
ner & Draine, 2001; van Hoof et al., 2004; Weingartner et al., 2006), i.e. scattering and
absorption of dust based on its size and shape. All calculations assume an AGN spectrum
with an intrinsic luminosity of 1043 erg s-1 in the 2-10 keV band and a typical photon index
of 1.9 (e.g. Beckmann et al., 2009). The optical to UV spectrum is characterized by αox
= -1.4 (e.g. Zamorani et al., 1981), a UV slope of -0.5 (e.g. Francis, 1993; Elvis et al.,
1994), and a blackbody temperature of 1.4×105 K (appropriate for a black hole of 107 M
accreting at 10% of its Eddington rate). The gas irradiated by this spectrum has an uni-
form hydrogen density, nH , extended radially outward until it reaches a specified column
density, NH . The covering factor is fixed at 0.67, equivalent to a 30◦ opening angle, and
calculations are performed for 22 < log[NH(cm−2)] < 24.5 (with 0.25 dex spacing), and
6 < log[nH(cm
−3)] < 8 (with a spacing of 1 dex).
To study the effects of dust, two sets of models are computed. The first has gas with
solar abundances (Grevesse et al., 2011) and no dust (ND), while the second includes ISM
dust (WD) (Mathis et al., 1977; Cowie & Songaila, 1986; Savage & Sembach, 1996; Meyer
et al., 1998; Snow Jr & Dodgen, 1980). In order to isolate the effects of dust on the reflected
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spectra, the abundances in the gas in the WD models are kept at solar, but the metal abun-
dances are reduced using the depletion factors of Cowie & Songaila (1986), and Jenkins
(1987) and the gas-to-dust ratio was kept at 151. To check the self consistency of the two
models, the abundances of each element are added and the overall abundance of elements
is consistent within 0.05% in both ND and WD models; however, the Fe abundance in the
WD models is 5% higher than ND models.
At high AGN luminosities grains may reach the sublimation temperature and return
the metals back to the gas phase. This effect is not easily treated by Cloudy, so the inner
radius of the illuminated gas is fixed at a distance of 10 pc away from the AGN. At this
distance the dust temperature inside the illuminated gas is always below the sublimation
temperature of the grains. As a further check on the choice of parameters, the reprocessed
12µm luminosity of the WD models is compared against the one expected from the 12 µm-
X-ray luminosity relationship (Gandhi et al., 2009). Depending on nH , the simulated 12µm
luminosities are 1.2-1.5 times larger than the observationally predicted one. Thus, our
simple dusty gas setup will be a reasonable model for the average properties of a Seyfert-
type AGN.
Finally, to study the effects of dust on the Fe Kα emission line, the equivalent width
(EW) of the line is analyzed as a function of NH and nH for both sets of models. The EW
is defined as the ratio of the intensity of the Fe Kα emission line (IFeKα) to the reflected





Ideally, Ic should be measured at 6.4 keV, but because of the presence of the emission line,
it is difficult to determine Ic at that energy. Therefore, Ic is measured at 6.3 keV as there
are no predicted emission lines at that energy. Using a different Ic between 6.3 keV and
6.5 keV leads to only very small changes in the EW. Rather than measuring IFeKα from
the predicted spectrum, we use the emergent line intensities reported in the Cloudy output
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Figure 5.1: Left : Solid and dashed lines plot the EW versus NH for the case of ND and
WD respectively. The EW increases with NH and nH in both ND and WD cases. Right :
The Fe Kα EW gets significantly enhanced in the WD models with a factor that depends
strongly on nH .
since it takes into account the effects of extinction on the line intensities. In the ND models,
the Fe Kα emission line comes from cold gas (e.g George & Fabian, 1991; Weaver et al.,
2001; Page et al., 2004; Yaqoob & Padmanabhan, 2004; Zhou & Wang, 2004; Jiang et al.,
2006; Levenson et al., 2006), and in the WD models it comes from both cold gas and grains
which are added to obtain IFeKα. The cold Fe Kα fluorescence line defined by Cloudy is
actually emitted between 6.4 to 6.424 keV for Fe I to Fe XIV (House, 1969); therefore,
we set ∆E = 24 eV in eq. 1. As a consistency check, the EW calculation was compared
with the result from Ikeda et al. (2009). Our results predict the ND Fe Kα EW to be ≈ 1.8
keV for NH = 1024 cm−2 and nH = 107 cm−3 which is slightly lower than the EW ≈ 2
keV predicted from the Monte Carlo simulations of Ikeda et al. (2009). However, given
the differences in computational techniques and physical setup, this difference is adequate.




Fig. 5.1 shows how the Fe Kα EW depends on NH and nH . The left panel of Fig. 5.1,
shows that the Fe Kα EW increases with NH for Compton thin gas (1022 < NH < 1024
cm-2). Such a dependency is expected since the amount of illuminated gas increases with
NH and this produces more Fe Kα emission. For Compton thick gas (NH > 1024 cm−2),
the amount of gas irradiated by X-rays is limited by Compton scattering and the Fe Kα EW
is fairly invariant with NH . In addition, the EW of Fe Kα increases with nH in both the
ND and WD models due to the rise in total opacity with nH . This reduces Ic and therefore
increases the EW.
Our calculation shows that the presence of dust may significantly enhance the Fe Kα
EW. The right panel of Fig. 5.1 shows that the EW of the Fe Kα line is increased by a factor
of 2.5 for nH = 106 cm-3 (for NH > 1024 cm-2) due to presence of grains. For nH = 107
and 108 cm-3, the EW is enhanced by a factor of 4.1 and 8, respectively. To illustrate the
reason for this enhancement, Fig. 5.2 plots Ic and IFeKα ratios vs. NH . This figure clearly
shows that the change in EW between WD and ND is due to the reduction in the continuum
and not because of a change in IFeKα. (IFeKα does slightly increase due to the presence
of grains, but this is largely due to the abundances in the models ND and WD not being
perfectly self consistent; the Fe abundance is 5% higher in WD models. Therefore, it is
expected to have slightly more Fe Kα emission line in the case of WD.)
Fig. 5.2 shows the increase in EW of Fe Kα when reflected by dusty gas is due to
a reduced continuum. This suppressed reflection continuum is due to the reduction in
backscattering opacity (κs) in dusty gas. Fig. 5.3 shows how κs varies inside the column
of an illuminated gas as a function of depth for WD and ND models for NH = 1024 cm-2
and nH = 107 cm-3. At depths > 1013 cm, H is no longer ionized and dust contributes
significantly to the scattering opacity; therefore, κs decreases significantly deep inside the
cloud in WD models compared to the ND models. This drop in κs due to dust is because
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Figure 5.2: Left : The effect of dust on Ic. As nH increases, the effects of dust grows
and the Ic ratio significantly decreases and is therefore responsible for the increased Fe Kα
EW. Right : The presence of grain only slightly increases the Fe Kα intensity, but this has
a very small effect on its EW.
scattering from grains is highly anisotropic and favor scattering in the forward direction by
an amount depending on the size, structure and shape of the grains (Draine, 2003). Since
the wavelength of X-rays is smaller than the size of most grains, there is only a weak
coupling between the radiation and the grain leading to anisotropic scattering. As the Fe
EW is computed using the backscattered continuum, this anisotropic scattering will reduce
the backscattered intensity for WD models and thus the EW increases.
It has been proposed that dust in an AGN environment has fewer small grains than the
typical ISM distribution (Maiolino, 2001). As ks is proportional to grain size (Hayakawa,
1970), a grain size distribution deficient in small grains will likely produce a stronger re-
flection continuum and thus the Fe Kα EW will not increase as strongly as with the ISM
grains. To check this effect we computed a Cloudy model (nH=107 cm-3, NH = 1024 cm-2)
with Orion abundances that includes a grain size distribution deficient in small grains. The
ks from this model is overplotted on Fig. 5.3 to compare against the results from the ND
and WD calculations. As expected, the Orion ks is larger than the one using ISM grains,
but still smaller than the model with no dust. The EW of the Fe Kα line is enhanced by a
factor of ≈ 4 with the ISM grains, and by a factor of ≈ 2.6 with the Orion grains. Hence,
the anisotropic scattering behaviour of grains may still have an observable impact on the
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Figure 5.3: The isotropic backscattering opacity in the irradiated gas as a function of depth
for the nH = 107 cm-3 and NH = 1024 cm-2 models. Deep inside the column of gas at
depths > 1013 cm, H recombines and the scattering is dominated by the grains which is
highly anisotropic and results in lowering the backscattering opacity in the WD models.
The Orion WD model shows a higher ks than the ISM WD model due to the deficiency of
small grains. However, the Orion distribution still produces a lower backscattering opacity
than the ND model which corresponds to an increase in the Fe Kα EW by a factor of ≈
2.6.
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Fe Kα EW if the smaller grains are not present.
5.4 Discussion and Summary
Many groups have computed two dimensional X-ray reflection models for AGN torii with-
out taking into account the effects of grains (e.g. Ikeda et al., 2009; Murphy & Yaqoob,
2009; Brightman & Nandra, 2011a). However, it is possible that distant X-ray reflectors
arise from dusty gas (Jaffe et al., 2004; Prieto et al., 2004, 2005; Meisenheimer et al., 2007;
Tristram et al., 2007; Raban et al., 2009). Moreover, the Fe Kα line is an important proxy
to estimate the column density of distant observing gas (Ghisellini et al., 1994). Therefore,
we used Cloudy to compute simple one-dimensional models of dusty gas illuminated by an
AGN in order to study the effects of dust on Fe Kα emission line. We found that the pres-
ence of dust may significantly enhance the Fe Kα EW (by factors of ∼ 5) in the reflection
spectrum even in non-CK gas. When grains are present in the gas, scattering is anisotropic
and there are less backscattered photons in the reflected continuum and the overall contin-
uum intensity is decreased. This suggests that inferring a CK NH from the Fe Kα EW can
be precarious.
The increase in EW occurs when dust dominates ks and therefore will be most important
when the gas contains predominantly neutral hydrogen. This limits the reflecting cloud to
be relatively distant from the nucleus or to have a significant density. Therefore, the Fe Kα
EW enhacement may only be important for a certain subset of AGNs that exhibit infrared
emission from AGN heated dust, a large Fe Kα EW, and an unusually weak Compton
reflection component. For example, NGC 7213 is observed to have significant hot dust
emission (Ruschel-Dutra et al., 2014), an Fe Kα EW ≈ 120 eV, and a very weak Compton
reflection component (Bianchi et al., 2009; Emmanoulopoulos et al., 2013). Similary, NGC
2210 also shows strong dust emission (Hönig & Kishimoto, 2010) and is observed to have
an Fe Kα EW of≈ 35−200 eV from Compton thin gas (Marinucci et al., 2014). Although
a broad-line region origin for the Fe Kα line is a possibility (Bianchi et al., 2003), our
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results also suggest that reprocessing from the dusty Compton thin gas in the absorber may
also contribute to the Fe Kα line.
We conclude that the anisotropic scattering behavior of grains is an important mecha-
nism to take into account when modeling X-ray reflection from torii since it may have a
significant effect on the predicted Fe Kα EW. However, the effects of geometry are im-
portant. Since the scattering behavior of grains directly affects the continuum, the effects
of grains depends on the viewing angle relative to the orientation of torus, therefore the
true magnitude of the effect needs to be studied in multi-dimensional models. The EW of
the emission line may be reduced, enhanced or unchanged since the continuum can be the
transmitted spectrum, reflected spectrum, incident spectrum or their combination depend-




Many AGNs show the presence of obscuration as described in the above chapters. More-
over, the presence of dust has been observed at parsec scales (Raban et al., 2009; Tristram
et al., 2007). Therefore, in 2014-2015, I conducted research on the equivalent width (EW)
of an emission line produced by a parsec scale dusty medium. I explored the effect of
dust on the Fe Kα emission line produced by a one dimensional dusty absorber in AGNs.
The correlation between the Fe Kα line and the column density NH has been observed for
NH > 10
23 cm−2 (Guainazzi et al., 2005; Fukazawa et al., 2011). Thus, the Fe Kα line
can be used as a proxy to study the properties of the obscuring gas around AGNs. I uti-
lized the CLOUDY code, one dimensional photo-ionization code, to study the interaction
between the AGN spectrum and a column of gas. The results show that the presence of
dust enhances the equivalent width of Fe Kα line due to the anisotropic scattering of dust
which in turn decreases the reflected continuum intensity (Gohil & Ballantyne, 2015). The
analysis suggests that this is expected since the wavelength of the continuum (near emis-
sion; ∼ 1.92 Angstrom) is much more smaller than the size of grains. In other words, the
dust grains are fairly “transparent” to the continuum. Therefore, the reflected continuum
decreases when dust is included. Since the EW is inversely proportional to the continuum,
it can be enhanced by factors up to ∼ 8 depending on the density of a cloud. However,
a geometry of a torus plays an important role in reflection of the continuum. Therefore,
it will be interesting to carry out multi-dimensional modeling in the future and study the
importance of dust in parsec absorbers.
I have also worked on the two-dimensional (2D) computational modeling of dusty nu-
clear starburst disks around a central black hole and studied its impact on the AGN obscu-
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ration. Modeling of these regions can be extremely complicated since it involves radiation
transport and also dust physics, which is not well understood due to the various size and
composition of grains. Moreover, modeling also involves computational challenges, such
as solving a non-linear second order boundary value problem and a coupled hydrostatic
balance, radiative transfer, and energy balance equations using an iterative method. In my
recent work (Gohil & Ballantyne, 2017), I computed the 2D structure of NSDs by solv-
ing these coupled equations with the iterative algorithm that I developed. By utilizing this
method, a total of 192 NSDs were computed under various conditions across the input
parameter space. The predicted fraction of Compton-thick (CK) AGNs, the ratio of CK to
Compton-thin AGNs, and the peak ofNH distribution from this work were in fair agreement
with observations.
Besides the previous projects, I also studied the evolution of the AGN obscuration using
the 2D modeled NSDs and the impact of this obscuration on the cosmic X-ray background.
The first step was to compute the dependence of NH distribution on redshift. I took a sta-
tistical approach where the NH distribution is weighted according to the observationally
motivated distribution functions of modeling input parameters. Since these functions have
redshift dependence, one can compute the evolution of NH distribution. The recent con-
clusion and findings of my work are as follows: (1) the amount of obscuration increases
with redshift, (2) the NH distribution always peaks near 1023 cm−2, and (3) the evolution
of obscuration is stronger with the increasing NH (Gohil & Ballantyne, 2018). I then used
the evolved NH distribution to predict the AGN number counts as well as the cosmic X-ray
background (Gohil & Ballantyne, 2018). The result shows that∼ 80% of obscured quasars
are required in order to produce the observed cosmic X-ray background. Moreover, 60%
of quasars are needed to be Compton-thick.
What is the fate of nuclear starburst disks? That is also an important question to ex-
plore. One of the possibilities is nuclear star clusters (NSCs). NSCs are observed in 70%
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of spheroidal galaxies (Côté et al., 2006) and in 75% of late-type disk galaxies (Walcher
et al., 2005) with the size around 2-5 pc (Geha et al., 2002; Böker et al., 2004; Côté et al.,
2006). Since the NSDs have a compact starburst region at the parsec scale, they can be
the potential progenitors of NSCs. Currently, we plan to study the remnants of NSDs by
evolving stellar population via stellar population synthesis code and predict the observables
such as the color-magnitude diagrams and spectrum which can be tested against observa-
tions in the local universe. In addition to this project, I am also working with Prof. Carol
Paty (professor in School of Earth and Atmospheric Sciences) on the interaction of an ex-
oplanet in the habitable zone with its M-dwarf host star. About 75% of stars in the Galaxy
are M-dwarf and several exoplanets have been found around them (www.exoplanets.eu).
The habitability around these stars is not trivial since they have an enhanced stellar activity
in comparison with the Sun and also emit a large flux of the UV radiation. On the other
hand, the work of Kay et al. (2016) suggests that an exoplanet with a higher inclination an-
gle has a lower chance of being impacted by stellar wind. Therefore, we are investigating
the dynamical interaction between the magnetosphere of an exoplanet and the stellar wind
through multifluid magnetohydrodynamic (MHD) model. The plan is to study the occur-
rence rate of magnetic storms on the exoplanet and their impact on habitability, which is
also dependent on inclination angle.






d e f fwrite (logtemp ,logN ) :
pre=”N”+ s t r (logN ) +”T”
fin=pre+ s t r (logtemp ) + ' . i n '
f = open (fin , ”w” )
f .write ( ”AGN T=140000k , a ( ox ) =−1.4 a ( uv ) =−0.5 a ( x ) =−0.7\n ” )
f .write ( ” e ne rg y d e n s i t y 0 .0001K l i n e a r \n ” )
f .write ( ” cosmic r a y s background\n ” )
linearT=pow ( 1 0 ,logtemp )
i f (linearT<1400) :
f .write ( ” abundances Or ion \n ” )
f .write ( ' c o n s t a n t t e m p e r a t u r e ' + s t r (logtemp ) + ' K\n ' )
f .write ( ' c o n s t a n t g r a i n t e m p e r a t u r e ' + s t r (logtemp ) + ' K\n ' )
i f (linearT>=1400) and (linearT<=1750) :
f .write ( ” abundances Or ion no g r a i n s \n ” )
f .write ( ” g r a i n s Or ion g r a p h i t e \n ” )
f .write ( ' c o n s t a n t t e m p e r a t u r e ' + s t r (logtemp ) + ' K\n ' )
f .write ( ' c o n s t a n t g r a i n t e m p e r a t u r e ' + s t r (logtemp ) + ' K\n ' )
i f (linearT>1750) :
f .write ( ” abundances Or ion no g r a i n s \n ” )
f .write ( ' c o n s t a n t t e m p e r a t u r e ' + s t r (logtemp ) + ' K\n ' )
f .write ( ' hden ' + s t r (logN ) + ' \n ' )
f .write ( ” s t o p zone 1\n ” )
f .write ( ” s t o p t e m p e r a t u r e 5k l i n e a r \n ” )
f .write ( ” i t e r a t e t o c o n v e r g e n c e \n ” )
f .write ( ' s ave t o t a l o p a c i t y l a s t ” . opac ” u n i t s c e n t i m e t e r s l a s t i t e r a t i o n \n ' )
f .close ( )




In some instances, the differential equation is more appropriate and easier (computation-
ally) to solve on the logarithmic space; for example, when a domain of an independent
variable has a large range (i.e from 0 to 105). In order to achieve the task, we will have to
transfer a differential equation (second order for our purpose)
d2θ
dt2
= α(t, θ, ω) (B.1)
with BCs of
θ(t = tmin) = θ0 and θ(t = tmax) = θmax (B.2)
into the logarithmic space. Then, solve a following transformed differential equation:
d2θ
dT 2
= f(T, θ,Ω) (B.3)
where





















































































































Finally, we get the following transformations:
Ω = ωt
f = t(tα + ω).
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